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Limits on the excitable behavior of a semiconductor laser with optical feedback
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Recently, it was proposed that semiconductor lasers with optical feedback present a complex behavior that
can be described as noise driven excitable. In this work we investigate in which region of parameter space this
description is adequate. We conclude that the region of the parameter space in which the system displays noise
driven excitable behavior is a subset of the region in which presents low frequency fluctuations.

DOI: 10.1103/PhysRevE.71.026231 PACS nun®)er05.45-a, 42.60.Mi, 42.65.Sf

I. INTRODUCTION excitable pulse, it does not response to other perturbations.

) , , . Another indirect test consists in the analysis of the dynamics
The dynamics of semiconductor lasers with optical feedy,nqer the forcing of one of its parameters.

back has been intensively studied since 1977 One par- Excitability was experimentally found in semiconductor
ticularly interesting behaw_or shown by the laser is the low|zsers with optical feedbacke], solid state lasers with an
frequency fluctuations regim@.FF). It is characterized by iyyracavity saturable absorbdil7], distributed feedback
t_he existence of irregularly occurring high intensity fluctua- e miconductor lasefd.8], and semiconductor optical ampli-
tions on microsecond scales which are longer than the othgfe s [19]. In particular, for the case of the solid state laser
time scales of the semiconductor dynamics, like the period ofyith intracavity saturable absorber direct tests have been es-
the relaxation oscillations or the round trip time of the eXter'peciaIIy clear to uncover the excitable behayib7]. One of

nal cavity (hence the name LAH2]. The LFF regime has ihe motivations behind the search for excitability in optical
been extensively studied. It was intensively debated Wheth%rystems comes from the unique computational properties
this dynamics is the result of noise driven excitability or if its ghqwn by natural excitable systems like neurf2@21 and
complex dynamics is high dimensional ché@s3]. The most  from the possibility to make optical networks using these
widely studied model is the Lang and Kobayashi ¢bK),  propertieq22].

which presents both high dimensional ch¢$] and excit- When the dynamics of the excitable system is strongly
ability [6]. This model is obtained taking into account ainfluenced by noise, it is useful either to compute the inter-
single mode laser operating with weak feedback level. Onyyent time distribution or other statistics quantifiers as the
the other hand there is strong experimental evidence of mubarameters are varied. In R4fL0] this analysis has been
timode dynamics of semiconductor lasers with optical feedperformed for the semiconductor laser with optical feedback,
back([7,8]. Recently, several steps have been taken in ordef, which the effect of the intrinsic noise had to be taken into

to build up confidence in the noise driven scen@@®-13.  consideration. This studjl0] has been done in a particular
In particular, a dynamical model to characterize the excitablqndition and does not represent all the experimental re-

behavior of the semiconductor laser with optical feedbacl@imes shown by the experiment.

has been proposed by Egéaal. [9]. _ Although excitability in semiconductor lasers with optical
An excitable system is one that possesses a stable statiogeghack has been experimentally identified, no precise limi-
ary state and has a thrgshold for an external perturbatiopytions within the LEF behavior have been investigdtzd
[16]. If the perturbation is smaller than the threshold, thej, this work we report that not all the LFF patterns of be-
trajectory will return to the stationary state performing apayior are consistent with noise-driven excitable dynamics.
short excursion in its physical variables. Otherwise, if theyye will clarify the influence that the maximum gain mode
perturbation is larger than the threshold, the trajectory reIMGM) has on the excitable scenario, and we will analyze
turns to the stationary state making a large excursion in thg,e compatibility between the experimental excitability and

phase space called pul_se. When the perturbation OVercomgss one displayed by the dynamical model of Egetial. [9)].
the threshold, the amplitude of the pulses becomes indepen- 1his paper is organized as follows. Section Il describes

dent of the perturbation amplitude. The direct test for exCityhe resuits of the statistics quantifiers for the noisy dynamics

ability consists in verifying the existence of this threshold in ¢ the theoretical model to be compared with the experimen-

the response of the system when a perturbation is applied. Ay results. Section Il contains the experimental results re-
important characteristic of an excitable system is the eXiSyarding the limits on the excitable behavior. In Sec. IV we
tence of a refractory time. While the system is performing aMyresent the conclusions of the work.

II. NOISY DYNAMICS OF THE DYNAMICAL MODEL:

*Electronic address: jmendez@df.uba.ar STATISTICAL STUDY

"Electronic address: jaliaga@df.uba.ar In Ref. [9] Eguiaet al. proposed a dynamical model to
*Electronic address: gabo@df.uba.ar explore the statistics of noise driven excitable systems, in

1539-3755/2005/12)/0262318)/$23.00 026231-1 ©2005 The American Physical Society



MENDEZ, ALIAGA, AND MINDLIN

0.4

0.3

PHYSICAL REVIEW E 71, 026231(2005

x' =y, (1)

Y =Xy =X XY+ €+ X (2)

with (x,y) € R?, ande;, e, € R*. The noisy dynamics is stud-
ied adding in they component a white Gaussian noise with
zero mean and variand2. Qualitatively the model displays

5 02 four different regions on the parameter plafeg, ;) sepa-
rated by global bifurcationgFig. 1). Two of the previously
mentioned regions are bistakieegion | and Il), one is ex-
citable(region 1), and the other is oscillatorfyegion V). In

0.1

0.0

the excitable region there are three fixed points: a stable
node, a saddle point, and a repulsor. The transitions from
region | to region II, and from region Il to region Il are
saddle-loop global bifurcations, whereas the transition from
any region to region IV is an Andronov bifurcation. The
bistable regions have a stable node, a saddle point, a repul-
sor, and a limit cycle. In the case of region | it is an small

FIG. 1. Bifurcation diagram and phase portrait for the dynami-limit cycle and in region Il a large one which encompasses
cal model. Regions 1, II, and IIl have three fixed points. Regions Ithe whole dynamics.

and Ill are bistable, region 1l is excitable, and region IV is
oscillatory.

In Fig. 2 we show the probability distributions of inter-
dropout event$P) and maps of the minimum point of return
between two dropoutéV,.) versus their time intervallSl)

order to compare it with the interspike distribution of the for different values of the, parameter in region | and Il. The
LFF regime displayed by semiconductor lasers with opticale; parameter is varied in order to explore the transition to
feedback. A complete understanding of the dynamical modelegion IV. As previously stated in Ref10], there are two
can be seen in Ref9]. The system of equations of this characteristic times if°, more easily recognized in the vi-

model reads
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cinity of the codimension 2 bifurcation poift,=0.5, Fig.
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FIG. 2. Analysis of the noisy dynamics of the model. Probability distribution of interdropout e¢fnfer (a) €,=0.2,(b) €,=0.5, and
(c) £,=0.7. In each figure we shof® for several values of the parametgras is indicated in the insets. Map of the minimum point of return

between two dropoutéV,e) versus the time interval between thdisl): (d) (e, €)=(0.24,0.2, (e) (€,€)=(0.21,0.9, and (f) (e, e)
=(0.19,0.7.
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— T T 71 71— 71— bifurcation point in the other direction drives it to a situation
€ ' ' ' similar to a one dimensional system which corresponds to
the infinite dissipation limit of the excitable systef24]

FIG. 3. Analysis of the noisy dynamics of the model. Coef-  [€,=0.7, Fig. Zc)]. In this case, only a small fraction of the
ficient of variation(CV) versuse, for several values of, indicated ~ events comes from the anticipation of the saddle-loop bifur-
in the inset.(b) The same aga) exchanging parametees and e,. cation.

Another way to distinguish these two different sorts of
2(b)]. These two characteristic times owe their existence taevents which produce the two characteristic times is to ana-
the anticipation of each of the two bifurcations. The left peaklyze the map of thé/,; vs ISI. The events that spring from
of P corresponds to the saddle-loop bifurcation, and the othethe “infinite dissipation” distribution are essentially renewal
peak to the Andronov bifurcation, which gives a distribution ones and they must complete the relaxation to the attractor or
with a Kramers-like tail[23]. When thee, parameter is pass near it before executing a new dropout. These events are
driven inside region I, the two characteristic times tend to berecognized on the map as the ones that are located on the
more separatefle,=0.2, Fig. 2a)]. Otherwise, the removal horizontal strig Figs. 2d)-2(f)]. The events which cause the
of the e, parameter from the vicinity of the codimension-2 left peak inP are translated on this map as a vertical strip
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FIG. 5. Experimental dynamics influenced by the MGM: Probability distributions of interdropout e{@nfer different threshold
reductions(a) é€=11%, (b) £=8.6%, and(c) £=6.8%. In each figure we shof® for several values of pumping currefi) as is indicated in
the insets. Map of the maximum point of return between two dropOts) versus the time interval between theisl) for different
threshold reductiondd) é=11% andl=37.63 mA,(e) £=8.6% andl =37.9 mA, and(f) £&=6.8% and =38.2 mA.
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4| —e—t_95% [11 B). (d) Detailed analysis of CV
—A2-9.3% 5 versus threshold reduction for a
> 3| —w—t-88% constant pumping current(for
© case Il B. The points connected
21 11 by the dotted line represent the
] \\- dynamics without taking into con-
o /'"'/ """" — sideration the MGM.
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with a very coherent ISI between the dropouts because thelyonix TDS5052 500-MHz oscilloscope. The amount of feed-
come from a noise-induced or deterministic limit cycle. back is controlled by the interposition of a neutral filter
When the dynamics of a system consists of a competitionvhich allows a continuous attenuation in the laser béeim

between two very different time scales, like in region I, it is cular linear wedge neutral density filter: Melles Griot
useful to consider the coefficient of variatié@V), which is ~ 03FDCO003. _ _ _

the standard deviation divided by the mean of the time inter- Broadly speaking, the dynamics of the semiconductor la-
val between spike$25,26, and explore their dependence ser with optical feedback can be classified into three different
with the parameters. In Fig.(® the results of sweeping, ~ '€9imes: stable intensity emission, LFF, and coherence col-

parameter are shown, whereas the results of sweeging '@PSe (ordered in ascending amount of pumping current
parameter are displayed in Figib® It is worth noting that Also, in some circumstances the coexistence of stable emis-
CV is monotonically decreasiné with, [Fig. 3a)] and e sion of the MGM with the LFF emission has been observed
[Fig. 3b)] ' 2 [27]. The usual studies made to analyze excitability have
y L . . ._avoided the MGM. In particular, Yacomottit al. [10] have
an(-jrTﬁ:emse:?)tlg;\llcalvgulgrl]tglae\i g‘;g;]eCdarlgﬁgiégrinsg':fjeertrﬁ)mdemonstrated that the variation of the interevent histogram
ret

T ) . ) caused by variations in the pumping current or the feedback
distinguish whether a case is excitable or not. In particularieye| are equivalent to variations in each one of the param-
an experimental condition would be considered as excitablgiars of the model proposed by Egeiaal. [9]. The experi-

when the values and dependencies of these quantifiers apgkntal condition taken by Yacomotit al. can be considered
maps are equivalent to those in the dynamical model. as an example of the ideal excitability displayed by this laser
system. This situation was maintained in all their parameters
exploration. If greater variations in the parameters are al-
lll. REGIONS OF PARAMETER SPACE lowed, it will be clear that there exist limitations on the ex-
. . - . ___citable behavior.
du;r(l)f ?gsg:nggal izettl#)eISSithgc?évntrlgnFsl\?ériéTrr:*leofjimgt?gr- In order to delimit the excitable region, it is necessary to
-~ ) . &chieve both a detailed analysis of the dynamics within the
LTO3OMD/M.F’ emitting with a ”O'T“”a' wavelength of 750. LFF regime and an understanding of the dynamics displayed
nm. The sohtgr_y laser threshold is 36.66 mA. The Iase_r ISy the system with the influence of the MGM. To put for-
thermally stabilized up to 0.01 C. A mirror of high reflectiv- \yarg the limitations on the excitability we will show the
ity (>90%) is placed in front of the laser beam, in order to experimental results for two different alignments. In the first
return part of the light emitted into the laser. The mirror is case(sec. Il A), we have aligned the system to increase the
placed at 45 cm from the laser edge. A collimator and arprobability of occurrence of the MGNbest alignment con-
AR-coated lens are placed into the cavity to reduce the beandition). Conversely in the second caégec. Ill B) we have
divergence and to mode match the returned beam with thitentionally damaged the alignment condition to get rid of
emitted beam. The intensity output is detected by a 1-GHzhe MGM as much as possible without deteriorating the feed-
bandwidth photodiode and the signal is analyzed with a Tekback level.
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A. Dynamics influenced by the MGM 1.5 4 (@)

We performed a sweep in the pumping current and feed- 1.4 _-=
back level to uncover whether the system with dynamics 1 /,-‘/
highly influenced by the MGM is excitable or not, and 1'3'_ e
whether it is consistent with the dynamical model. The prob- 124 /-’/
ability distribution of time between dropout events shows 1 /
that the left peaklocated in times less than\is) increases 31 /
when the current is increasdffigs. 5a)-5(c)]. This peak 104 = /
corresponds to a burstinglike activity characterized by a 1 \_ /
well-defined frequency of oscillation. Furthermote, pre- 091 AN /
sents contributions in the order of several microseconds that 08 .
come from the highly stable MGM. Although the shape of ————————————
the distributions is similar to the ones present in the dynami- 37.5 380 385 39.0 335 400 405 41.0
cal model for the region [Fig. 2d)], their dependence on I[mA]
the pumping current is not the same as the dependence the 0.06
model has on the; parameteffrom the work of Yacomotti =20 0.08
et al.it is expected that the dependence&obn the pumping 0.04 1_37 9mA I_38.2mA
current is equivalent to that on the parameter Moreover, ' 0.04 '
it was experimentally verified that the tail extended on long % 0.02
times has an exponential dependency which is an indication M
that the fluctuations, which drive the laser intensity out of the 0.00 015 20 9530 C%% & 10 15
MGM, are essentially created by an escape proHd28h 1SI(us) 1Sl(us)

Another important issue is the existence of two strips on 0.12 0.12
the map ofV, vs ISl [Figs. §d)-5(f)]. For a threshold re-
duction of 11% the two strips are clearly distinguished, one 0.08 I=38.6mA  0-08 1=39.3mA
is essentially horizontal and the other vertiflgig. 5(d)]. In & 504 0.04 '
this case the shape of the map is similar to that of the model
in region | (bistablg, indicating that the dynamics might 0.00 - 0.00
have the same topology in the phase spaceode, a saddle o1 23 453 °© 1 2 3 45

ISKus) ISI{us)

point, a repulsor, and a small limit cygléVhen the feedback

is reduced, the dynamics can no longer be separated into a
bursting and stable state with very different characteristic
times in each statFig. 5(f)]. The reduction of the feedback
level has destabilized the MGM producing visits to it with
smaller residence timdsigs. 5c) and 5f)]. Also, the map

of Vet Vs ISI has lost its similarity to the maps observed in
the model. In this map is recognized the existence of two
different levels of stable emission from which a dropout can
be performedFig. 5(f)].

The existence of two different dynamical scenarios can be
recognized in CfFig. 6@)]. For a high feedback level, CV 0
is much greater than those observed in the dynamical model 0.90 ]
[Fig. 6(@) with £&=11%]. On the other hand, smaller feedback 0.85 : : , : : : ,
levels give values of CV like the one in the modlElg. 6(a) c 5 10 15 20 25 30 35 40
with ¢€=6.8%). In-between levels of feedback allow us to t(us)
observe how the competition with the MGM produces the ) - )
conversion of values of CV near 1 to much greater values as FIG. 7. _Expenmental transition from_ an usual ex_cngble casetoa
the current is increasddFig. 6@ with £=8%]. In Fig. 7 we  case dominated by the MGMa) Coefficient of variation versus
show that this change of CV is caused by the appearance &Jmp'ng Cutrrem(b) Pr‘;pab'"ty .d'St;'bUt'on Ofl'merdr.OpOUt t'mfs
the MGM. This abrupt change can also be seen in the prob_OI’ a curren SWEGF(.C) Ime series 1or several pumping currents.
ability distribution of interdropout time as an increment in the phase space is compatible with having a stable node, a
the probability of having bursting dynami€Big. 7(b)], and  saddle point, a repulsor, and a small limit cycle with a well
in the time series as a differentiation between the two differdefined period of oscillation of 0.38 and a standard devia-
ent ways of emission: the bursting and stable mp@ig. tion of 0.12 us [Figs. §a) and 8b)]. As the feedback is
7(c)]. Another important issue is that, globally, the behaviordecreased, it can be noticed that there are two different sta-
of CV versus the feedback level is not equivalent to thationary states from which the dropouts can be performed
displayed in the model when thg parameter is variefFig.  [Figs. §c) and &d)]. These are the two levels previously
6(b)]. observed in Fig. §). One of these states is the MGM. The

In Fig. 8 we show embeddings of time series for differentother one is a stable nod&SN: extended stable nodthat
feedback levels. When the feedback is high, the topology ofan be identified with the stable node of the model based on

Intensity (arb. units)
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g
;_,“1 FIG. 9. (a) Average value and standard deviation of the dropouts
= -0.001 amplitude as a function of the pumping current when the LFF ap-

pears for the case in which the dynamics is dominated by the
) MGM. (b) Time series of the laser intensity at the pumping current
Int{ath. aiis) in which the dropouts appear for a threshold reductio09.6%

and (c) same agb) but with £=8.6%. In(b) and (c) several time
series with one dropout event have been put one after the other to
display orderly a group of events.

T * T ] 1 v T L T L T ¥ T J T L 1
038 039 040 041 042 043 044 045 0.46

FIG. 8. Phase space reconstructia: Segment of time series
for pumping currentl=37.63 mA and a threshold reduction of
10.6%.(b) Embedding of the time series ). (c) Segment of time
series for pumping current=37.63 mA and a threshold reduction

of 6.8%. (d) Embedding of the time series @f). MGM: maximum  than in the previous cases with higher feedback. '
gain mode' ESN: excitable stable node. In F|g 9 we d|Sp|ay the drOpOUt amplltude as a funCtIOI’l

of the pumping current. The average amplitude of the drop-
the equivalence between the residence time in this node anglit events is affected by a variation on the feedback level
the residence time in the stable node of an ideal experimentalnd a sharp transition related to the destabilization of the
excitable case. For example, the average and the standa#igM is observed. This transition appears because the reduc-
deviation of the residence time in the ESN for the casgjon of feedback causes the MGM to lose stability and the
shown in Fig. &) were computed to be approximately 1 and gropouts to be fired preferentially from the lower level. The
0.6 us, respectively. These values are similar to the onegestapilization of the MGM not only affects the current in
computed for a case of ideal experimental excitabilgc. \yhich the dropouts appear but it also produces an increase of
B with 1=37.5mA and with a threshold reduction of the variapility in the dropout amplitude. In order to obtain
8.8%9 which are 1.3 and 0.8s. Also, to complete the simi- v values near the ones present in the mdéed. 6(@)], it
larity between the two cases, the average and the standajghs necessary to reduce the feedback ug=t8.6%. But at

deviation of the clusteréconsecutive dropouts events with- thjs |evel the possibility of defining a typical dropout event is
out a complete recovery up to the ESN level between themgriously deterioratefFig. 9c)]

[10]) can also be computed yielding similar resuytiserage
0.44us and standard deviation 0.1S for the first case and
0.48 and 0.3is for the second case used for the compayison
This last dynamical picture of low feedback is compatible to Empirically, we noticed that a slight deterioration of the
the dynamical model with the exception of the MGM. Fur- alignment quality has a detrimental effect on the stability of
thermore, the probability to visit the MGM is much smaller the MGM. So, the system is intentionally taken out of the

B. Destabilization of the MGM
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FIG. 10. Experimental dynamics with a destabilized MGM: Probability distribution of interdropout e(@nfsr different threshold
reductions(a) £=10.7%,(b) £=9.3%, and(c) £=8.8%. In each figure we shof® for several values of pumping currefi) as is indicated
in the insets. Map of the maximum point of return between two dropOuts versus the time interval between théisl) for different
threshold reductionqd) é=10.7% and =37.63 mA,(e) £=9.3% andl =37.9 mA, and(f) £=8.8% and =38.2 mA.

best alignment condition to get rid of the MGM or inhibit its IV. CONCLUSIONS

appearance in the main part of the experimental sweep. In We have shown that to obtain excitable behavior similar
this case, the same statistics were measured: the probability the one observed in the model of Eg@aal. [9] it is
distribution of time between dropout everi?) and the co- necessary to get rid of the MGM. When the probability of
efficient of variation(CV). Leaving aside the case with the appearance of the MGM is high, the dynamics can be sepa-
higher feedbackFig. 6(c) with ¢&=10.7%, we observe that rated into stable and bursting sta{#sgs. Sa), 5(d), 8(a),

the statistics of this measurement is consistent with the dyand 8b). As the feedback is reduced, the existence of two
namical model, if we compare a variation of the pumpingsStable states, from which the dropouts are performed, be-
current with a variation of thes, parameter of the model comes evidenkFig. f), 8(c), and &d)].

Fig. 6(0) and 10a-10¢) (this dependency oP in the Two limit cases were observed in the experimental condi-
E:)ulr%]pii(g) currentQh;s t()xeén( p:eviouF;Iy obtai);ed inl Red)] tion of Sec. lll A. When the feedback level is high the MGM

and in Ref.[28]). As previously observed Yacomot al. is very stable, which causes a huge temporal dispersion be-

) _tween the burstinglike activity and the times between bursts.
[10] the effect of reducing the feedback level on the prob In other words, there exists a huge difference between the

ability distribution of time between dropout events is to in- residence times in the MGM and the period of interburst

crease the a”.‘p”t!”e of the left p.eak gpproximately. '°Cateﬂme between dropoutthigh CV value$. Otherwise, when

at 0.5 ps, which 1S re—produceq in this experl.me[rm.gs.. the feedback is reduced up §&6.8% this temporal variabil-

10(a)-10(c). What is more, CV displays a zone in which its i 5 aiso reducedCV near 1, but the variability appears in

dependence on th_e thres_hold reduction is equivalent to thge size of the dropout&ig. 9). This deteriorates the way in

dependence that it has in the model on #eparameter. hich the dropouts appear. Thus, it is impossible to distin-

Moreover, this zone can be extended if the section of timguish a threshold because there are fluctuations of several

series in which the laser is emitting in the MGM is discardedamplitudes. Thus the high probability and stability of the

[Fig. &(d), dotted ling. MGM makes necessary to take the feedback level to a value
Also, the map ol vs ISl reflects the similarity with the in which the dropouts are badly formed, disabling its excit-

dynamical model. At£=10.7%, the dynamics displayed is ability.

similar to the situation observed in the model at values far

from the codimension-2 bifurcation poinfFigs. af) and ACKNOWLEDGMENTS
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