Proceedings Symposium IEEE Photonics Benelux Chapter, 2009, Brussels

Theoretical and experimental investigation of excitability
in semiconductor ring lasers

L. Gelend, S. Berl?, L. Mashal?, G. Van der Sande M. Soref, G. Mezost, J.
Danckaert? and G. Verschaffelt
'Department of Applied Physics and Photonics, Vrije UniiteisBrussel, Pleinlaan 2, B-1050 Brussel,
Belgium
2Department of Physics, Vrije Universiteit Brussel, Plaam 2, B-1050 Brussel, Belgium

3Department of Electronics & Electrical Engineering, Unisigy of Glasgow, Rankine Building, Oakfield
Avenue, Glasgow, G12 8LT, United Kingdom

In this contribution, we report theoretically and experimaly on excitability in semi-
conductor ring lasers. Theoretically, we reveal a generakhmnism of excitability for
systems close top Aymmetry. The global shapes of the invariant manifolds sdiddle

in the vicinity of a homoclinic loop determine the origin bétexcitable behavior and the
features of the excitable pulses. Moreover, we demondimteto realize this excitability
experimentally by breaking theeAymmetry of the semiconductor ring laser in a con-
trolled way. The experiments performed on an InP-basedgu#ntum-well SRL with a
racetrack geometry confirm our theoretical predictions.

| ntroduction

Although ring lasers have been studied in the 70’s and 8Qkercontext of He-Ne ring
lasers [1] and solid state lasers [2], in recent years, thaseebeen an renewed and in-
creased interest in semiconductor ring lasers (SRLs) forrvain reasons. On the one
hand, these semiconductor lasers where the laser cavigratsf a ring-shaped waveg-
uide have been shown to be promising components in photategrated circuits. In
particular, their possibility of bistable directional apéon paved the way to encoding
digital information in the direction of emission of SRLs [Z)n the other hand, SRLs are
ideal optical prototypes for the large class of systems Wwhie characterised by central
reflection invariance. Such symmetry, knownzsinvariance is one of the most com-
mon in nature, and it is encountered in a wide number of bistsystems. Therefore, an
in-depth study of SRLs, both theoretically and experimigntean prove to be interesting
for researchers working in different fields.

On the more generic level, experiments on SRLs can unveiyrdgnamical regimes and
bifurcations that are typical for the class@i-symmetric systems, while from a more ap-
plication oriented point-of-view the theoretical and estpeental characterization of SRLs
can help to optimize the physical design of the SRL to meeh#wessary technological
requirements. From the technological viewpoint, SRLs dbraquire cleaved facets or
gratings for optical feedback and are thus particularlyesiifor monolithic integration
[4]. SRLs have been suggested to fulfill several practicpliegtions [5, 3, 6]. All optical
flip-flops based on a single or two coupled microrings havealialericated which can be
switched between counter-propagating modes by injecfiarsmgnal counter-propagating
to the lasing mode [3]. On the other hand, switching schemasesdon injection only on
one side of the SRL have been suggested as well [7, 8]. MboBRLs exhibiting uni-
directional operation are also highly desirable in appices because of their wavelength
stability[5]. The bistability of the SRLs opens the poskipiof using them in systems for
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all-optical switching, gating, wavelength-conversiondtions, and optical memories [3].

The current revived interest in SRLs has not only lead to anessed number of tech-
nological publications, but has also spawned the intere#ite theoretical modeling of
SRLs. A general rate-equation approach has been suggad®ed.i[5]. The model con-
sists of two mean-field equations for the counter-propagatnodes in the SRL, and a
third rate equation for the carriers. While it is true thattae features can only be ex-
plained by such a general rate-equation model or even a meoéved traveling-wave
model [9], it has been shown that many of the experimentdiseoved features can be
predicted by a two-dimensional reduced SRL model [10, 1]L,I1hZRef. [13] the original
laser equations have been reduced to two equations. Thangsasymptotic description
of the SRL is valid on time scales slower than the relaxatiscilations. Not only do
theseZ,-symmetric reduced equations considerably simplify tHarbation analysis of
the SRL, they also allow for a clear two-dimensional phgsses interpretation of the
different dynamical regimes of the SRL. In particular, lkhea the bifurcation analysis of
this reduced SRL model in Ref. [8], the specific structuréhefinvariant manifolds of the
saddle point in th&,-symmetric system has allowed to understand and predittpkar
experimental features of stochastic mode-hopping in abistregime [10] and even a
multistable regime [11].

In this work, we consider a natural extension of Baesymmetric asymptotic model from
Ref. [13] where th&s-invariance is broken. Insight into the phase-space siraaif the
SRL with brokenZ;-symmetry allows us to understand under which circumstatice
SRL becomes excitable. By breaking the symmetry of the SRLdantrollable way, we
have managed in Ref. [12] to experimentally demonstrath sxcitable behavior.

Asymptotic model for SRLswith broken Zo-symmetry

Consider a SRL operating in single-transverse and singlgitodinal mode. Two di-
rectional modes, clockwis€W) and counter-clockwiseJCW), can operate in the ring
cavity with different intensitie®c\,ccw and phasegcw,ccw- A linear coupling param-
eter with amplitudé&K and phasex is used to describe the transfer of power betwe@énh
andCCW. The two directional modes operate in antiphase, consgmvia total power
Pcw + Pccw [5, 13, 10, 11], such that an asymptotic two-dimensionab&etuations can
model the SRL operation:

0 = JsinBcosd+2(1—3)cos(@+ )
—(1—sinB) [(1—d)cos(g + W) (1)
+(1+8) cos(@k — )]
cosBp = aJsinBcosd

—(1498) (1—sinB)sin(g — W) (2)

+(1-9) (1+sinB)sin(g+ )
Here the angular variab®= 2 arctan,/Pccw/Pew — T1/2 quantifies the power partition-
ing between the counterpropagating modes. The phasedfitfed) = @ccw — @cw IS

the second dynamical variable in the systelns the rescaled bias current aods the
linewidth-enhancement factor. Tize-symmetry of Egs. (1)-(2) is continuously broken
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Figure 1. Numerical solutions of Eqgs. (1)-(2) revealing mgé¢ excitable pulse in time
domain (a) and its projection on the phase space (b). Thengdeas are the following:
0=4.5%,¢p = 1.5. (a)J = 0.659, (b)J = 0.691.

by the introduction of an asymmetAK in the mode-coupling. The dimensionless pa-
rameterd = AK /2K measures the relative magnitude of the symmetry breaking.

Phase-space picture of excitable excursionsin the SRL

The phase space of the SRL consists of two stable sts#andCCW whose basins of
attraction are separated by the two branches of the stabidotthof a saddleS[10, 11].
The main changes in the topology take place when the cudrerdsses a critical value
Jhom Which corresponds to a homoclinic bifurcation of an unstdimhit cycle. Close to
this homoclinic bifurcation, the distance between the bhas of the stable manifold of
the saddle becomes negligible when compared to the difiusiogth-scale induced by
the noise. The generation of an excitable pulse therefareggonds to a noise activated
crossing of two arbitrarily close thresholds. An exampleaafexcitable pulse in time
domain is given in Fig. 1(a) and the corresponding phaseespagectory is shown in
Fig. 1(b). Experiments have been performed on an InP-basgétigoeantum-well SRL
with a racetrack geometry and a free-spectral-range & &¥Hz. The device operates in
a single-transverse, single-longitudinal moda at 1.56um. When analyzing the output
power of theCCW mode using a fast photodiode connected to an oscilloscapéas
excitable pulses have been observed in these experiments.

Conclusion

In conclusion, we have investigated excitability for genganar systems close -
symmetry and disclosed how the shape of the invariant migisifead to noise-activated
pulses. An optical excitable unit based on this concept lea mplemented using a
multi quantum-well SRL with slightly asymmetric mode-cding. Such unit can in prin-
ciple be integrated on chip and does not require externatapjection or feedback from
an external cavity. A topological analysis allows to preédne features of different types
of excitable pulses, as well as quantitative relations betwthe relevant time-scales. The
predictions of the theory have been confirmed by the experisne
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