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Effect of a permanent magnetic field on quasi-periodic
and chaotic oscillation regimes in solid-state ring lasers

D.A. Aleshin, N.V. Kravtsov, E.G. Lariontsev, S.N. Chekina

Abstract. Features of nonlinear dynamics of solid-state ring
lasers in quasi-periodic and chaotic oscillation regimes in a
magnetic field are studied experimentally. Windows of
periodic and quasi-periodic regimes within the region of
dynamic chaos in a monolithic ring laser with periodically
modulated pumping are observed experimentally for the first
time. It is shown that an applied magnetic field changes the
boundaries of the existence of various nonstationary regimes.
It is established that, under certain conditions, lasing regimes
can be switched in magnetic fields with strengths of ~1 Qe.

Keywords: solid-state ring laser, nonlinear dynamics, dynamic
chaos, amplitude and frequency nonreciprocity.

1. Introduction

An interest in detailed studies of the nonlinear dynamics of
emission from solid-state ring lasers is associated with the
fact that monolithic ring lasers (ring chip lasers) pumped by
laser diodes are widely used in modern fundamental laser
physics and laser engineering. In the recent years, much
attention has been given to studies of nonstationary
oscillation regimes in autonomous and nonautonomous
ring lasers. Studying such regimes and their evolution by
changing the control parameters allows one to understand
more comprehensively the physics of interaction of light
waves in ring lasers.

One of the most important achievements in the field of
nonlinear laser dynamics is the discovery and investigation
of such an interesting phenomenon as the dynamic (deter-
ministic) chaos [1—3]. The paradoxical character of regimes
of dynamic chaos consists in the fact that chaotic oscil-
lations in lasers appear in the absence of any external
random factors, and their characteristics are fully deter-
mined by the initial conditions.

Despite numerous theoretical and experimental studies
in this field, the nonlinear dynamics of ring lasers in regimes
of dynamic chaos and quasi-periodic regimes has not been
studied comprehensively by now (see, e.g., reviews [4, 5] and
references therein). This is associated with the more complex
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dynamics and a larger number of control parameters of ring
lasers in comparison to linear lasers. Note that studies of
dynamic chaos using analytic methods are actually impos-
sible, while numerical methods allow one to analyse only
particular individual cases, thus restricting the possibilities
of generalising and predicting the features of the nonlinear
dynamics at other values of the laser parameters. Another
important factor is that conducting detailed studies is a
complex procedure and requires the development of highly
stable experimental setups free of the effect of external
perturbations.

Detailed theoretical studies of the nonlinear dynamics
and their comparison to experimental data form a basis for
the development and improvement of the mathematical
model of solid-state lasers. It is precisely a thoroughly
arranged physical experiment that allows one to solve
the problem of an adequate mathematical simulation for
an actual nonlinear system and to determine experimentally
the limits of its application.

One of pressing problems is a study of various mecha-
nisms and conditions for the appearance of dynamic chaos
in solid-state ring lasers. Note that deterministic chaotic
lasing regimes in autonomous single-mode ring lasers could
not be revealed for a long time. A dynamic chaos in a solid-
state unidirectional ring laser was observed experimentally
for the first time in [6], where it was shown that, in the
presence of the resonator frequency nonreciprocity, there
exists a region of laser parameters within which a resonance
appears between two branches of relaxation oscillations.
This resonance leads to their instability and the appearance
of deterministic chaos. One more mechanism of the appear-
ance of dynamic chaos in a bidirectional solid-state ring
laser was found in [7, 8]. This mechanism is related to a
parametric resonance between self-modulation and relaxa-
tion oscillations.

Studies have shown (see e.g., review [5]) that the regions
of the laser parameters, for which chaotic lasing regimes are
observed in solid-state ring lasers, are significantly wider
when laser parameters are modulated: in this case, it
becomes easier to attain parametric resonances and condi-
tions ensuring the excitation of relaxation oscillations.

The simplest method for achieving nonstationary and
chaotic regimes in solid-state ring lasers is to modulate the
pump power. In this case, the output radiation characteris-
tics depend on a number of control parameters (the
frequencies of self-modulation and relaxation oscillations,
the excess of the pump level over the threshold, the
resonator amplitude and frequency nonreciprocities, and
the pump-modulation depth and frequency).
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The aim of this work was to study the features of the
nonlinear dynamics of ring lasers appearing in chaotic and
quasi-periodic oscillation regimes in solid-state ring lasers
upon changes in the control parameters. Much attention
was given to studies of the effect of an external magnetic
field on the lasing dynamics.

2. Experimental setup

We studied a diode-pumped solid-state monolithic ring
Nd: YAG laser. The monolithic block had a spherical input
face and three total-internal-reflection faces. The geo-
metrical perimeter of the resonator was 2.6 cm, and the
resonator nonplanarity angle was 80°. The laser was
pumped by a laser diode with a power of up to
500 mW. The temperature of the chip-laser active element
was maintained to within an accuracy of 0.1 °C. Its design is
described in more detail in [9, 10].

The pump power was modulated using a transformer,
whose secondary winding was included in the power-supply
circuit of the laser diode and the primary winding was
connected to an ac voltage generator. The voltage across the
primary winding determined the value of a control parame-
ter (the pump-power modulation depth /). During the
experiments, the pump power was modulated at frequencies
wp/2n = 17 — 50 kHz, and the modulation depth could be
varied from 0 to 50 %.

An external magnetic field was produced by a micro-
electromagnet located near the chip laser. The strength of
the magnetic field H could be as high as 500 Oe. The
radiation of counter-propagating waves from the ring laser
was incident on LFD-2 photodetectors; their signals were
fed to an ASK-3151 digital oscilloscope and were then
processed in a computer. The intensities and spectra of the
counter-propagating waves I, I, and J;, J,, respectively,
were simultaneously recorded in these experiments.

3. Experimental results

In studies of the nonlinear oscillation dynamics in quasi-
periodic and chaotic regimes in ring chip lasers pumped by
periodically modulated diodes, it was established that a
number of windows of periodic and quasi-periodic regimes
exist within the region of dynamic chaos. Such windows
may exist both in the presence and absence of an external
magnetic field. When a magnetic field is applied, the
structure of windows changes and additional windows can
also appear.

We studied the temporal and spectral characteristics of
the output radiation of the bidirectional ring chip laser as
functions of the pump-modulation frequency w,/2n and
depth A, the relative excess of the pump level over the lasing
threshold #, and the magnetic-field strength H. For a zero
magnetic field (H = 0) and nonmodulated pump power (h =
0), a self-modulation regime of the first kind was observed in
a ring chip laser [I1]. Its radiation intensity spectrum
consisted of a single spectral component corresponding
to beats between two optical components at a frequency
/21 =210 kHz. At a relative excess of the pump level
over the threshold pump power (excess factor) # = 0.07, the
fundamental relaxation frequency was ,/2n = 65 kHz.

It was found experimentally that the character of lasing
at H =0 substantially depends on the frequency w,/2m,
modulation depth /4, and excess factor #. In the region of

pump-modulation frequencies under study, a quasi-sinuso-
idal lasing regime QS-1 is observed in the chip laser at very
small modulation depths (4 ~ 0.01 %). Hereafter, we use the
classification of nonstationary lasing regimes in ring lasers
proposed in [5]. Figure 1 shows the temporal and spectral
characteristics in the QS-1 regime, which is characterised by
self-modulation oscillations with a periodic envelope at a
frequency w,/2n. The most intense components in the lasing
spectrum are those with the self-modulation (w,, /21 = 210
kHz) and pump-modulation frequencies.
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Figure 1. (a) Temporal and (b) spectral characteristics of radiation from
a chip laser operating in the QS-1 regime at w,/2n = 33 kHz and
h=10.01%.

When the modulation depth increases to a certain critical
value hc(r1 >, a regime of dynamic chaos arises in the laser. The
characteristic features that allow a lasing regime to be
identified as a dynamic chaos are the appearance of irregular
radiation-intensity pulsations and the presence of an almost
continuous oscillation spectrum. Irregular radiation-inten-
sity pulsations also manifest themselves in the structure of
the Poincare cross sections [3]. In some cases, chaos was
identified using Lyapunov exponents, which were deter-
mined by a numerical simulation of the laser emission
dynamics. Typical characteristics of the output radiation
in a chaotic regime are shown in Fig. 2. The temporal
structure of the lasing intensity in this regime is a sequence
of pulses with chaotically changing amplitudes and a
repetition period close to the pump-modulation period.
An intense component at a frequency w,/2m can be
distinguished in the spectrum that is virtually continuous.
The hc(r1> value strongly depends on w,/2n and #; in
particular, hc(r1 )—0.5% at a modulation frequency
w,/2m = 33 kHz for n <0.1.

Figure 3 shows the regions of existence of various lasing
regimes at 7 = 0.07 in the (w,/2m, /) parameter plane. The
region where the QS-1 quasi-sinusoidal regime exists is not

1
0 200 400 600 t/us 0 100 200 300 = /kHz
a b

Figure 2. (a) Temporal and (b) spectral characteristics of radiation from
a chip laser operating in the regime of dynamic chaos at w,/2n = 33 kHz
and 1 = 0.05 %.
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shown in Fig. 3, since it almost coincides with the frequency
axis. Figure 3 shows that, as /& increases, a number of
windows appear in the region of existence of dynamic chaos.
Within these windows, no chaos is present and various
nonstationary periodic and quasi-periodic lasing regimes are
observed. Note that the mutual arrangement of windows
and their widths depend significantly on the excess factor #.
For u > 0.25, the periodicity windows in the region of
chaotic oscillations disappear.
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Figure 3. Regions of existence of different lasing regimes at # = 0.07 in
the (w,/2m, i) parameter plane in the absence of a magnetic field. The
windows of periodicity (regions 1, 2, 3) are shown in grey.
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Figure 5. (a) Temporal structure and (b) spectrum of chip-laser radiation

in the window of periodicity 2 (the QPI-1T regime) at w, /2t = 33 kHz
and 1 =13 %.

When magnetic fields of up to 500 Oe are applied to the
active element, the regions of existence of different lasing
regimes change significantly their boundaries. This is clearly
seen from the comparison of Figs 3 and 6. The latter shows
the regions of existence of different lasing regimes for
H =~ 100 Oe. In particular, the windows of existence of
the QPI-2T and 1T regimes shift to lower pump-modulation
frequencies and become somewhat wider. At H =0, the
windows with the QPI-2T regime appear at w,/2m <25
kHz, while at H =100 Oe, they appear already at
o, /21 < 20 kHz. As to the window with the periodic regime
with the threefold period, it shifts towards higher modu-
lation frequencies.

Figure 4 shows the temporal structure and spectrum for
lasing in the windows of existence of the QPI-2T periodic
pulse regime (region 1 in Fig. 3), for which the laser-pulse
repetition period is equal to the double pump-modulation
period. This regime differs from the regime of generation of
periodic pulses observed earlier in [12] in the presence of a
magnetic field, in which one period contained two pulses
with different peak intensities. The difference in these
intensities monotonically increases with the magnetic
field. In this work, we observed a regime of repetitive
pulses with a single pulse in a period equal to the double
pump-modulation period. Apart from this window, there is
also another window (region 2), in which a regime of
repetitive pulses with a period equal to the pump-modu-
lation period is observed (the QPI-IT regime [5]). Typical
temporal and spectral characteristics of the output radiation
in this regime are shown in Fig. 5. In addition to the
windows mentioned above, there exists the third window
(region 3) in a quite narrow frequency range near
o, /21 = 45 kHz, where the pulse repetition period is equal
to the threefold modulation period.
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Figure 4. (a) Temporal structure and (b) spectrum of chip-laser radiation
in the window of periodicity 1 (the QPI-2T regime) at w,/2n = 33 kHz,
h=6%,and n=0.07.
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Figure 6. Regions of existence of different lasing regimes in the

(w,/2m, h) parameter plane at H ~ 100 Oe and » = 0.07.

It has been found that the structure and position of
windows in the domain of dynamic chaos substantially
depend on the excess factor. At # = 0.25 and H =0, no
periodicity windows are present, while the application of a
magnetic field leads to their appearance. The appearance of
such a window for the QPI-2T periodic regime upon
application of a magnetic field H is shown in Fig. 7 in
the (w,/2n, H) parameter plane at # = 0.25. As the mag-
netic-field strength increases, the dynamic-chaos regime
transforms into the QPI-2T periodic pulse regime, which,
upon a subsequent increase in H, is again replaced by a
dynamic chaotic regime.

Hence, the above data allow us to conclude that the
mutual position and dimensions of the regions of existence
of different lasing regimes substantially depend on both the
magnetic-field strength and the excess factor. It follows from
our results that certain values of the laser parameters exist at



D.A. Aleshin, N.V. Kravtsov, E.G. Lariontsev, S.N. Chekina

160
140 -
120

1 1
Dp
P /kHz

Figure 7. Regions of existence of different lasing regimes in the presence
of a stationary magnetic field H in the (w,/2r, H) parameter plane at
n=0.25.
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Figure 9. Ratio Ii,/In. in the QPI-2T regime as a function of the
pump-modulation frequency w,/2n at H = 85.35 Oe and n = 0.2.

which the radiation characteristics are rather sensitive to the
magnetic-field strength. A transition from one lasing regime
to another occurs at certain critical H values. If the initial
point is taken close to the boundary of a transition, then
even a very small change in the magnetic field (<1 Oe) may
considerably modify the character of lasing.

We have studied the modulation depth of radiation
pulsations as a function of the magnetic-field strength in the
QPI-2T quasi-periodic lasing regime. In the absence of a
magnetic field, light is emitted in each direction in the form
of a sequence of pulses (with almost equal amplitudes) with
a period T, = (o, /Zn)’l. Applying a magnetic field to the
active element leads to a double pulse repetition period. In
this case, two laser pulses with amplitudes 7, and I,,;, are
present in each pump-modulation period. The ratio
Imin/Imax as a function of magnetic-field strength H at
w,/2m = 35 kHz is plotted in Fig. 8. As H rises, this ratio
falls monotonically from 1 to 0. The ratio I;,/ln.x also
depends on the pump-modulation frequency (Fig.9).
Applying a magnetic field to the active element of the
ring chip laser also leads to the appearance of unequal mean
intensities of counter-propagating waves.

4. Discussion

As is known, the application of a stationary magnetic field
to the active element of a monolithic ring chip laser is
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Figure 8. Ratio I,/ in the QPI-2T regime as a function of the
stationary magnetic-field strength at w,/2n = 35 kHz and 7 = 0.2.

accompanied by the appearance of frequency and ampli-
tude nonreciprocities of the ring resonator (see, e.g., [13]).

The effect of the frequency nonreciprocity on the lasing
regimes in ring lasers is determined by two physical
mechanisms. One of them is a change in the frequency
of self-modulation oscillations at H # 0, which may lead to
the fulfilment or violation of the conditions for parametric
resonances in both autonomous and nonautonomous ring
lasers. The second mechanism is related to the removal of
the frequency degeneracy of counter-propagating waves in
the laser and the appearance of an additional degree of
freedom (or a control parameter). In particular, this addi-
tional parameter can be modulated in order to control lasing
regimes.

The use of the amplitude nonreciprocity for controlling
the characteristics of a ring laser is based primarily on the
creation of asymmetric conditions for generating counter-
propagating waves in the ring laser (such an asymmetry is,
in particular, a necessary condition for the onset of a
dynamic chaos at parametric resonances in an autonomous
laser). The amplitude nonreciprocity of the resonator also
results in the appearance of unequal fields of the counter-
propagating waves and, consequently, in a change in the
resonator dynamics. Changes in the resonator amplitude
nonreciprocity can be used, for example, to control the
frequency of laser self-modulation oscillations for attaining
the conditions for a parametric resonance.

The following effects appearing upon application of a
magnetic field can also be mentioned: the appearance of a
difference between the phases of self-modulation oscillations
of counter-propagating waves; and changes in the linear and
nonlinear coupling (due to backscattering and on inverse-
population gratings induced in the active medium, respec-
tively) of counter-propagating waves resulting from changes
in their polarisation.

The frequency Q and amplitude 4 nonreciprocities of the
resonator appearing upon application of a magnetic field to
the chip laser under study can be estimated using the
expressions

QZGJ]*(LQ:]CIH, (1)

_1 (O] (O] _
A_E(E—E>_k2H+AO, (2
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where k; and k, are the coefficients depending on the
orientation of the magnetic field relative to the resonator
loop, its nonplanarity, and other parameters; 4, is the
amplitude nonreciprocity at H = 0; and Q; and Q, are the
resonator quality factors at frequencies ®; and w,.
Coefficients k|, K,, and 4, can be calculated for a
particular resonator using the Jones matrix formalism.

When a magnetic field is applied, the frequency and
amplitude nonreciprocities appear simultaneously; it is
therefore difficult to determine their individual effects on
the nonlinear laser dynamics. For this purpose, it is
desirable to use both experimental and numerical simulation
data.

The numerical simulation of nonlinear dynamics of
oscillation in solid-state ring lasers was based on a standard
model described by the following system of equations for
complex amplitudes of counter-propagating waves E 12 and
spatial harmonics of inverse population N, and N, [5]:

dEl,Z (0]

- Q- i -
——FE,+1-F —my»E
ar 20., 12 12 1.2+2m1,2 2,1

ol . - -
+2—;~(1 —10)[NoE1» + N1 Ey ],

dN,
T, d—to = Ny [1 + 1+ hcos(w,t)] (3)

— No[1 + a(|Ey]* + |Esf')] = NyaE(E; + N_aE, Ef,

dn,

hi—q

= =N, [1+a(|E ] +|E)] — NoaE, Ef.

Here, w/Q) , are the resonator bandwidths for the counter-
propagating waves; L is the length of the ring-resonator
perimeter; 7= L/c is the round trip transit time of light in
the resonator; 7 is the longitudinal relaxation time; /, the
length of the active element; a = Tjco/(8hwn) is the
saturation parameter; ¢ = /(1 + 6?%) is the laser-transition
cross section; 6 = (w — wy)Aw, is the relative shift of the
lasing frequency from the centre of the gain line; Aw, is the
width of the gain line; 1y, = mexp(£i0;,) are the
complex coefficients of coupling of counter-propagating
waves through backscattering (m;, and 0;, are the
magnitudes and phases of the coupling -coefficients);
Ny (1 +n)/T; is the pump rate; Ny, is the threshold inverse
population; and

1 1y 1 ly
Ny = _J Ndz, N.= —J Nexp(£i2kz)dz
la 0 la 0

are the complex amplitudes of the spatial harmonics of the
inverse population N. It was assumed in the calculations
that the shift of the lasing frequency from the centre of the
gain line is small compared to the linewidth.

The results of the numerical simulation have shown that
the modulation depth of radiation pulsations as a function
of the magnetic-field strength in the QPI-2T quasi-periodic
lasing regime is in qualitative agreement with the experi-
mental results shown in Figs 8 and 9. Calculations have
shown that a difference in the mean values of the intensities
of counter-propagating waves experimentally observed in

the QPI-2T regime in magnetic fields of up to 500 Oe can be
explained by the appearance of an amplitude nonreciprocity
of the ring resonator. The effect of the frequency non-
reciprocity on the mean intensities is negligibly small in such
magnetic fields.

The possibility of the formation of windows of perio-
dicity in the region of dynamic chaos upon application of a
magnetic field to the active element was studied by numeri-
cal simulations. As an example, Figure 10 shows the regions
of dynamic chaos and windows of periodicity in the
(wp/2m, H) parameter plane at # =021 and a pump-
modulation depth # = 0.27 %. The values of the frequency
of self-modulation oscillations w,,/2n in the absence of a
magnetic field and the frequency of relaxation oscillations
,/2n used in the calculations were 170 and 65 kHz,
respectively. The structure of regions of dynamic regimes
found in the numerical calculation qualitatively agrees with
that observed experimentally (Fig. 7). At low magnetic fields
(H < 1 Oe), the calculation data, however, differ from the
experimental results, since, in this case, the numerical
calculation yields an additional window of periodicity at
modulation frequencies w,/2n < 48 kHz. This difference
from the experiment can be determined by insufficiently
homogeneous magnetic fields used in the experiment and by
the presence of the geomagnetic field and parasitic magnetic
fields in the laboratory.

chaos

H/Oe

chaos

34 36 38 40 42

1 1 o 1
44 46 22 [kHz
2n
Figure 10. Regions of dynamic chaos and windows of periodicity in the
(wp/2m, H) parameter plane at n = 0.21.

The results of the numerical simulation show that the
standard model of a solid-state ring laser cannot adequately
describe the chaotic dynamics at low modulation frequencies
(wp/2m < 30 kHz) and at small factors of excess of the
pump level over the threshold ( < 0.1). In this region, it is
important to take into account spontaneous emission noises
[14].

5. Conclusions

Windows of periodic and quasi-periodic lasing regimes in
the region of dynamic chaos in a ring chip laser with
periodically modulated pumping were observed experimen-
tally for the first time in this study. The effect of a
stationary magnetic field on the structure of the regions
where various lasing regimes exist was studied. A new
repetitively pulsed regime (QPI-2T) different from those
studied earlier was discovered.
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This study has revealed that the presence of magneto-
optical properties of active elements in Nd : YAG ring lasers
leads to a number of interesting features in their lasing
dynamics. It is shown that the use of the frequency and/or
amplitude nonreciprocity, which appear in a monolithic ring
laser upon application of a magnetic field, is an efficient way
to control the ring-laser nonlinear dynamics. The radiation
characteristics in nonstationary lasing regimes in solid-state
monolithic ring lasers are rather sensitive to the laser
parameters, and using magnetic fields ensures their efficient
changes. The efficiency of using magnetic fields to control
the regimes of dynamic chaos is especially high.
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