
Abstract. The appearance of a stochastic resonance is found
in a solid-state ring laser in the absence of bistability in it. It
is shown that in this laser operating in the self-modulation
regime of the érst kind, the noise modulation of the pump can
cause a signiécant increase in the laser response to the
periodic modulating signal. These effects observed are
explained qualitatively.
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1. Introduction

The stochastic resonance is one of the most interesting and
important phenomena appearing in dynamic nonlinear
systems subjected to noise. In particular, the constructive
role of noise is manifested in this phenomenon when the
energy of stochastic oscillations is transformed into the
energy of a coherent signal [1, 2]. This leads to ampliéca-
tion of a weak periodic signal in a certain region of noise
intensities, which can favour more efécient signal selected
against the noise background.

As a rule, the stochastic resonance appears due to
bistability in a nonlinear dynamic system. The most popular
models of the stochastic resonance are nonlinear over-
damped [1 ë 3] or weakly decaying oscillators in a
bistable potential well [4, 5]. Noise-induced transitions
between bistable states lead to the ampliécation of the
periodic signal, when the frequency of these transitions is
close to the signal frequency. A number of papers [6 ë 8]
discussed other mechanisms of the stochastic resonance in
nonlinear dynamic systems. In particular, the stochastic
resonance was studied in a nonlinear oscillator with a
monostable potential [6]. The problem of existence of the
stochastic resonance in monostable states of dynamic
systems has been poorly studied so far.

The stochastic resonance in a ring dye laser was érst
discovered and studied in paper [9] under conditions when
two bistable states corresponding to unidirectional lasing

regimes in opposite directions prove to be stable. These
states are stable only in the case of very weak coupling of
counterpropagating waves. Investigation of the stochastic
resonance in these bistable states is also of interest for solid-
state ring lasers. However, the research performed previ-
ously showed that the fulélment of the weak coupling
condition, which provides the stability of the unidirectional
lasing in solid-state ring lasers, is difécult to realise in
practice [10].

Of undoubtful interest is the study of the stochastic
resonance in a two-directional solid-state ring laser (both in
the presence of bistability and in monostable state). One of
the most interesting lasing regimes in an autonomous solid-
state ring laser is the self-modulation regime of the érst
kind, which is characterised by the out-of-phase sinusoidal
intensity modulation of counterpropagating waves. We
studied the stochastic effects in such a laser in papers
[11 ë 13]. In particular, we found in these papers the
inêuence of the noise intensity on the frequency, the
spectrum width and the intensity of noise-excited relaxation
oscillations of laser radiation.

The aim of this paper is to study experimentally and
theoretically the possible appearance of the stochastic
resonance in a solid-state ring laser operating in the self-
modulation regime of the érst kind. The research performed
demonstrated for the érst time the possibility of appearance
of the stochastic resonance in a monostable solid-state laser.

2. Experimental setup

We studied a 1.06-mm Nd :YAG chip laser with a
nonplanar resonator. The geometrical perimeter L of the
ring cavity was 28 mm and the nonplanarity angle was 858.
The Nd :YAG laser was pumped by a 0.810-mm laser diode.
The pump was modulated by periodic and noise electric
signals fed to the laser diode (Fig. 1). Noise signals were
produced by a noise generator and had a continuous
(almost constant in intensity) spectrum covering the range
from zero to 200 kHz.

During the experiments, the intensity of the pump noise
could be changed by varying the output voltage of the noise
generator from zero to the maximum value determined by
the maximum intensity of the electric noise at the noise
generator output, which was 10ÿ6 W Hzÿ1. The experimen-
tal data were processed by normalising the pump noise
intensity to the generator output of 10ÿ7 W Hzÿ1. Signals
were detected with an analogue-to-digital converter (ADC)
and a broadband Tektronix TDS-2014 digital oscilloscope.
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3. Experimental results

The parameters of the bidirectional chip laser under study
were chosen so that the ring laser operated in the self-
modulation regime of the érst kind in the absence of the
noise modulation of the pump. In this regime, we studied
the power spectra of laser radiation. Main attention was
paid to the spectral characteristics in the range of
frequencies that are close to the fundamental relaxation
frequency. Investigations were performed for two values of
the excess of the pump over the threshold: Z1 � 0:08 and
Z2 � 0:22. The frequency of self-modulation oscillations in
this case was equal to 210 kHz and the fundamental
relaxation frequency (in the absence of the noise modu-
lation of the pump) ë 61.5 kHz. The signal frequency vs
modulating the pump was selected equal to 56 kHz. At the
éxed frequency vs, the output power spectrum was used to
measure the laser response to the periodic signal and noise
at different noise intensities. While processing the exper-
imental results, we performed statistical averaging over 20
realisations.

In the experiments performed we found the resonance in
the noise intensity dependence of the laser response to the
periodic signal, the resonance being typical of the stochastic
resonance. Figure 2 shows experimental emission spectra for
two values of the noise intensity. The research showed that
when the pump noise increases, the intensity of the periodic
signal érst increases and achieves the maximum value
exceeding the initial value by several times, and then starts
decreasing. In the spectrum under study two spectral
components are observed against the noise background:
one corresponds to the signal frequency vs � 56 kHz, while
the other ë to the peak at the fundamental relaxation
frequency broadened due to the noise action. When the
noise intensity increases, the central frequency of this peak
decreases and approaches the signal frequency. At a relative
noise intensity D � 0:56 (Fig. 2a), the intensity of the
spectral component at the signal frequency exceeds almost

by three times its value in the absence of the noise
modulation of the pump. The spectrum in Fig. 2b corre-
sponds to the case, when the frequency of the relaxation
peak becomes almost equal to the signal frequency (D � 2).
In this case, the intensity of the spectral component at the
signal frequency increases approximately sevenfold.

Ampliécation of the laser response to the periodic signal
in the presence of noise is conveniently expressed with the
help of the stochastic gain factor S, which is determined as
the ratio of the modulation amplitude of the laser intensity
A(D) at the given noise intensity D to the modulation
amplitude in the absence of the external noise A(0):

S � A�D�=A�0�.

If the noise does not affect the laser response to the periodic
modulation, the stochastic gain factor is S � 1. Figure 3a
presents the experimentally measured dependence of the
central frequency of the relaxation peak on the noise
intensity and Fig. 3b ë the dependence of S 2 on D. One can
see that the signal intensity achieves the maximum when the
signal frequency approaches the central frequency of the
relaxation peak. Note that the signal intensity achieves a
maximum when the signal frequency differs from the
central frequency of the relaxation peak approximately by
1 kHz.

The results of similar investigations performed at
Z2 � 0:22 are demonstrated in Fig. 4. In this case, the
fundamental relaxation frequency was 102.8 kHz and the
signal frequency was 99 kHz. The experimental dependences
of the stochastic gain factor of the signal S 2 on the noise
intensity did not change qualitatively; however, the signal
intensity achieves a maximum at a signiécantly lower noise
intensity and the signal frequency, which substantially
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Figure 1. Scheme of the experimental setup: ( 1 ) ring chip Nd :YAG
laser; ( 2 ) pump diode; ( 3 ) power supply unit of the laser diode; ( 4 )
LFD-2 photodetectors; ( 5 ) GZ-124 generator of stochastic oscillations;
( 6, 11 ) transformer coils; ( 7 ) selective mirror with the reêection coefé-
cient close to 100% at the laser wavelength and the transmission coefé-
cient close to 90% at the pump wavelength (this mirror allows measuring
simultaneously radiation of two counterpropagating waves); ( 8 ) IR élter
suppressing pump radiation; ( 9 ) ADC-based oscilloscope ë spectrum
analyser complex; ( 10 ) GZ-56 generator of periodic oscillations.
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Figure 2. Experimentally measured spectra I�o� of the radiation inten-
sity of one of the waves in the case of the excess of the pump over the
threshold Z1 � 0:08 and at the relative noise intensity D � 0:56 (a) and 2
(b).
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differs (approximately by 3 kHz) from the central frequency
of the relaxation peak.

4. Results of numerical simulation

The phenomena under study were numerically simulated by
using the vector model of the solid-state ring laser [14],
which takes into account the effect of the pump noise. In
this case, the initial system of equations of the vector model
has the form
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As the dynamic variables we use the complex éeld
amplitudes of the counterpropagating waves
~E1;2(t) � E1;2 exp (ij1;2) and spatial harmonics N0, N� of
the inverse population N determined by the expressions

N0 �
1

L

� L

0

Ndz, N� �
1

L

� L

0

e �1 e2N exp��i2kz� dz. (2)

Here, o=Q1;2 are the resonator bandwidths; o is the optical
frequency; k is the wave number; Q1;2 are the resonator Q
factors for counterpropagating waves; T � L=c is the
round-trip transit time for light in the resonator; T1 is
the time of longitudinal relaxation; l is the length of the
active element; a � T1cs=(8�hop) is the saturation param-
eter; s is the laser transition cross section; Z � P=Pth ÿ 1 is
the excess of the pump power over the threshold; Zs � As�
sin (2pvst) is the periodic signal modulating the pump;
O � o1 ÿ o2 is the frequency nonreciprocity of the
resonator; o1, o2 are the resonator eigenfrequencies for
counterpropagating waves; Nth is the threshold inverse
population. The pump rate is presented in the form
Nth(1� Z� Zs)=T1. The linear coupling of counterpropa-
gating waves is determined by the phenomenologically
introduced complex coupling coefécients

~m1 � m1 exp�iW1�, ~m2 � m2 exp�ÿiW2�, (3)

where m1;2 are the moduli of the coupling coefécients and
W1;2 are their phases. The éeld polarisations of counter-
propagating waves are characterised by arbitrary unit
vectors e1;2. The polarisation factor b is deéned by the
expression b � (e1e2)

2. Note that expressions (1) are written
for the case of generation at the centre of the gain line.

The noise modulation of the pump is described with the
help of the source of white Gaussian noise gw with the
following statistic characteristics:

hgw�t�i � 0, (4)

hgw�t�gw�s�i � Dd�tÿ s�, (5)

where D is the noise intensity; d(t) is the Dirac delta
function.

In the numerical simulation some parameters were set
equal to the experimentally measured parameters of the
laser under study. The resonator bandwidth o=Q, where
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Figure 3. Experimentally measured dependences of the central frequency
of the relaxation peak (a) and the stochastic gain factor of the signal S 2

(b) on the noise intensity D in the case of the excess of the pump over the
threshold Z1 � 0:08. Curve ( 1 ) corresponds to the periodic signal
frequency vs, which is constant and independent of the noise intensity,
while curve ( 2 ) ë to the central frequency of the relaxation peak or=2p.
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Figure 4. Same as in Fig 3 at Z2 � 0:22; *,& is the experiment, * is the
numerical simulation.
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Q � (Q1 �Q2)=2, was determined by the relaxation fre-
quency or � �Zo=(QT1)�1=2 and was equal to 4:4� 108 sÿ1.
The amplitude nonreciprocity of the ring resonator D �
(o=Q2 ÿ o=Q1)=2 and the periodic signal frequency were set
equal to 5000 sÿ1 and 99.5 kHz, respectively. The value of
the polarisation parameter b � 0:75 was found by using the
experimentally measured dependence of the additional
relaxation frequency or1 on the frequency nonreciprocity
O of the resonator [14].

For simplicity the coupling coefécients were assumed to
be complex conjugated (W1 ÿ W2 � 0). The results of the
numerical simulation presented in Fig. 4a were obtained for
the moduli of the coupling coefécients m1=2p � 130 kHz,
m2=2p � 318 kHz and the self-modulation frequency om=2p
� 220 kHz. One can see that the results of the numerical
simulation well agree with the experimental results.

5. Discussion of the results

The physical mechanism determining the appearance of the
stochastic phenomena observed in this paper is similar to
that described in paper [6], which demonstrated the
possibility of appearance of the stochastic resonance in a
nonlinear oscillator with a monostable potential. The
relaxation oscillations excited in a solid-state laser can be
treated as oscillations of some nonlinear oscillator, for
example, Toda oscillator (see, for example, [15]). The
nonlinearity of this oscillator is manifested in the fact that
the frequency of its oscillations proves to depend on their
amplitude (anisochronicity).

In the Toda oscillator, the oscillation frequency
decreases with increasing the amplitude. The effect of the
noise modulation of the pump results in an increase in the
amplitude of relaxation oscillations and in a decrease in
their frequency due to anisochronicity. If the frequency of
the periodic signal (in the absence of noise) is smaller than
the fundamental relaxation frequency, a resonance can
appear at some noise intensity: the average frequency of
noise-excited nonlinear relaxation oscillations becomes
equal to the signal frequency. The physical mechanism
considered makes it possible to explain qualitatively the
results obtained in this paper.

One should expect from the qualitative assumptions that
the maximum signal ampliécation should be observed when
the signal frequency coincides with the central frequency of
the relaxation peak; however, it follows from the exper-
imental results and from the results of numerical simulation
shown in Figs 3 and 4 that the maximum signal gain takes
place at the signal frequencies, which are smaller than the
central frequency of relaxation peak. The shift of the signal
maximum with respect to the relaxation peak maximum
increases with increasing the excess of the pump over the
threshold. This inconsistency is obviously related to the
parametric interaction of self-modulation and relaxation
oscillations. At Z2 � 0:22, the fundamental relaxation fre-
quency proves to be close to half the self-modulation
frequency, which indicates the proximity to the parametric
resonance (see, for example, [10]). A rigorous substantiation
of the results obtained requires further investigations.

6. Conclusions

Thus, we have found in this paper the appearance of the
stochastic resonance in a monostable solid-state ring laser

operating in the self-modulation regime of the érst kind.
We have shown that the noise modulation of the pump can
lead to a signiécant increase in the laser response to the
periodic modulating signal. The phenomena observed have
been explained qualitatively. These investigations can be
generalised to the case when the bistability appears in the
ring laser. It has been shown in [13] that the bistability of
self-modulation oscillations can appear in the solid-state
ring laser: under the same conditions, apart from the self-
modulation regime of the érst kind, there exists and proves
to be stable the quasi-periodic self-modulation regime. The
frequencies of relaxation oscillations in these bistable
regimes can somewhat differ, which should, undoubtedly,
lead to the appearance of some peculiarities in the
stochastic resonance. This case will be studied elsewhere.

Note that the stochastic resonance discovered in this
paper should take place not only in solid-state lasers but
also in any class B lasers (in particular, in semiconductor
and CO2 lasers).
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