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In this contribution, we report theoretically and experimentally on excitability in semi-
conductor ring lasers. Theoretically, we reveal a general mechanism of excitability for
systems close to Z2-symmetry. The global shapes of the invariant manifolds of asaddle
in the vicinity of a homoclinic loop determine the origin of the excitable behavior and the
features of the excitable pulses. Moreover, we demonstratehow to realize this excitability
experimentally by breaking the Z2-symmetry of the semiconductor ring laser in a con-
trolled way. The experiments performed on an InP-based multi-quantum-well SRL with a
racetrack geometry confirm our theoretical predictions.

Introduction
Although ring lasers have been studied in the 70’s and 80’s inthe context of He-Ne ring
lasers [1] and solid state lasers [2], in recent years, therehas been an renewed and in-
creased interest in semiconductor ring lasers (SRLs) for two main reasons. On the one
hand, these semiconductor lasers where the laser cavity consists of a ring-shaped waveg-
uide have been shown to be promising components in photonic integrated circuits. In
particular, their possibility of bistable directional operation paved the way to encoding
digital information in the direction of emission of SRLs [3]. On the other hand, SRLs are
ideal optical prototypes for the large class of systems which are characterised by central
reflection invariance. Such symmetry, known asZ2 invariance is one of the most com-
mon in nature, and it is encountered in a wide number of bistable systems. Therefore, an
in-depth study of SRLs, both theoretically and experimentally, can prove to be interesting
for researchers working in different fields.

On the more generic level, experiments on SRLs can unveil many dynamical regimes and
bifurcations that are typical for the class ofZ2-symmetric systems, while from a more ap-
plication oriented point-of-view the theoretical and experimental characterization of SRLs
can help to optimize the physical design of the SRL to meet thenecessary technological
requirements. From the technological viewpoint, SRLs do not require cleaved facets or
gratings for optical feedback and are thus particularly suited for monolithic integration
[4]. SRLs have been suggested to fulfill several practical applications [5, 3, 6]. All optical
flip-flops based on a single or two coupled microrings have been fabricated which can be
switched between counter-propagating modes by injection of a signal counter-propagating
to the lasing mode [3]. On the other hand, switching schemes based on injection only on
one side of the SRL have been suggested as well [7, 8]. Monolithic SRLs exhibiting uni-
directional operation are also highly desirable in applications because of their wavelength
stability[5]. The bistability of the SRLs opens the possibility of using them in systems for
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all-optical switching, gating, wavelength-conversion functions, and optical memories [3].

The current revived interest in SRLs has not only lead to an increased number of tech-
nological publications, but has also spawned the interest in the theoretical modeling of
SRLs. A general rate-equation approach has been suggested in Ref. [5]. The model con-
sists of two mean-field equations for the counter-propagating modes in the SRL, and a
third rate equation for the carriers. While it is true that certain features can only be ex-
plained by such a general rate-equation model or even a more involved traveling-wave
model [9], it has been shown that many of the experimentally observed features can be
predicted by a two-dimensional reduced SRL model [10, 11, 12]. In Ref. [13] the original
laser equations have been reduced to two equations. The resulting asymptotic description
of the SRL is valid on time scales slower than the relaxation oscillations. Not only do
theseZ2-symmetric reduced equations considerably simplify the bifurcation analysis of
the SRL, they also allow for a clear two-dimensional phase-space interpretation of the
different dynamical regimes of the SRL. In particular, based on the bifurcation analysis of
this reduced SRL model in Ref. [8], the specific structure of the invariant manifolds of the
saddle point in theZ2-symmetric system has allowed to understand and predict particular
experimental features of stochastic mode-hopping in a bistable regime [10] and even a
multistable regime [11].

In this work, we consider a natural extension of theZ2-symmetric asymptotic model from
Ref. [13] where theZ2-invariance is broken. Insight into the phase-space structure of the
SRL with brokenZ2-symmetry allows us to understand under which circumstances the
SRL becomes excitable. By breaking the symmetry of the SRL ina controllable way, we
have managed in Ref. [12] to experimentally demonstrate such excitable behavior.

Asymptotic model for SRLs with broken Z2-symmetry
Consider a SRL operating in single-transverse and single longitudinal mode. Two di-
rectional modes, clockwise (CW) and counter-clockwise (CCW), can operate in the ring
cavity with different intensitiesPCW/CCW and phasesφCW/CCW. A linear coupling param-
eter with amplitudeK and phaseφK is used to describe the transfer of power betweenCW
andCCW. The two directional modes operate in antiphase, conserving the total power
PCW+PCCW [5, 13, 10, 11], such that an asymptotic two-dimensional setof equations can
model the SRL operation:

θ̇ = Jsinθcosθ+2(1−δ)cos(φk +ψ)
−(1−sinθ) [(1−δ)cos(φk +ψ) (1)

+(1+δ)cos(φk−ψ)]
cosθψ̇ = αJsinθcosθ

−(1+δ)(1−sinθ)sin(φk−ψ) (2)

+(1−δ)(1+sinθ)sin(φk +ψ)

Here the angular variableθ = 2arctan
√

PCCW/PCW−π/2 quantifies the power partition-
ing between the counterpropagating modes. The phase differenceψ = φCCW− φCW is
the second dynamical variable in the system.J is the rescaled bias current andα is the
linewidth-enhancement factor. TheZ2-symmetry of Eqs. (1)-(2) is continuously broken
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Figure 1: Numerical solutions of Eqs. (1)-(2) revealing a single excitable pulse in time
domain (a) and its projection on the phase space (b). The parameters are the following:
δ = 4.5%,φK = 1.5. (a)J = 0.659, (b)J = 0.691.

by the introduction of an asymmetry∆K in the mode-coupling. The dimensionless pa-
rameterδ = ∆K/2K measures the relative magnitude of the symmetry breaking.

Phase-space picture of excitable excursions in the SRL
The phase space of the SRL consists of two stable statesCW andCCW whose basins of
attraction are separated by the two branches of the stable manifold of a saddleS [10, 11].
The main changes in the topology take place when the currentJ crosses a critical value
Jhom which corresponds to a homoclinic bifurcation of an unstable limit cycle. Close to
this homoclinic bifurcation, the distance between the branches of the stable manifold of
the saddle becomes negligible when compared to the diffusion length-scale induced by
the noise. The generation of an excitable pulse therefore corresponds to a noise activated
crossing of two arbitrarily close thresholds. An example ofan excitable pulse in time
domain is given in Fig. 1(a) and the corresponding phase space trajectory is shown in
Fig. 1(b). Experiments have been performed on an InP-based multiquantum-well SRL
with a racetrack geometry and a free-spectral-range of 53.6 GHz. The device operates in
a single-transverse, single-longitudinal mode atλ = 1.56µm. When analyzing the output
power of theCCW mode using a fast photodiode connected to an oscilloscope, similar
excitable pulses have been observed in these experiments.

Conclusion
In conclusion, we have investigated excitability for generic planar systems close toZ2-
symmetry and disclosed how the shape of the invariant manifolds lead to noise-activated
pulses. An optical excitable unit based on this concept has been implemented using a
multi quantum-well SRL with slightly asymmetric mode-coupling. Such unit can in prin-
ciple be integrated on chip and does not require external optical injection or feedback from
an external cavity. A topological analysis allows to predict the features of different types
of excitable pulses, as well as quantitative relations between the relevant time-scales. The
predictions of the theory have been confirmed by the experiments.
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