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ASPECTS OF CHAOTIC DYNAMICS
OF THE SEMICONDUCTOR LASER EMISSION
OBTAINED IN DIFFERENT
EXTERNAL OPTICAL FEE DBACK CONDITIONS

C. ONEA!, P.E. STERIAN®, I.LR. ANDREF, M.L. PASCU

Abstract. Wepresentthe dynamiccharacteristicsof the emissiorof a chaotc lasersystem
workingin differentoptical feedback conditiondetermined byhe use of: injection currents

higher than that at threshaldlouble reflectorexternalcavity or current modulation iran

optical coupled mastei slavelasers systemWe showhat gable chaotic lowfrequency
fluctuations [FF) were obtained at current values above threshold current only in certain
conditions depenihg on intrinsic properties of semiconductor active region, namely,
intensityinstabilities of modénopingtype.By changing the feedback inters#tin a double
reflector cavity high frequency chaotic oscillations with tunable frequencies are obtained.
They show frequency values bounded by thoflse x t er n a | cavitidsd oscillati
the two external reflectorg\lso, naster current radulation at a frequency included in the
range bounded by master and slave natural LFF frequencies has, as effect, the clustering of
slave dropouts on two frequenciafriven and master natural LFF onesf modulation
frequency is ot of range, it has only the role to grogtave dropouts periods on two
frequencies, different from the modulation one.

Keywords: external cavity semiconductor lasehaotic dynamics, double external feedback,
high-frequency oscillations, tunable frequey

1. Introduction

The semiconductor laséBL) is one of the most important devices in information
technology having a wide area of applications, from information storage media to
information transmission and encodingth optical carrierg1]. Semiconductor
lasers which are subject to optical feedbfdkfrom single or multiple external
cavities were studied theoretically and experimentally in connection with their
applications such asgcontrol of nonlinear, chaoticdynamics[3]; generabn of
high-dimensional chaotic dynamidésr information data encodin]; or, to mask

the information on the geometry of the laseteyg6,7].
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On the contrarythe extraction ofthe time delay signature @in external cavity

may be producefB]. Also, double reflector chaotic lasers whose exteramties
contain gratings have been studied both, numerically or experimentally in relation
to locking laser frequency and increasing laser power in fiber lasers, or for
evaluation of mixeanodes dynamic stat¢3].

Whena part ofthe light emitted bySL is redirected into laser cavity agptical
feedback from an external reflecting surfatiee emission presents a series of
dynamic effets, and the system configuration is known asexternaicavity
semiconductor las€ECSL)[2]. Thus, when ECSL system is operaétdnjection
currents close to laser threshdlaser intensityshows a nonlinear, chaotic
dynamic calledow frequency fluctuationdFF) [10].

This dynamicis obtained for a moderate optical feedback, e:gld % of the
emitted laser powerand it is manifested in the form of periodic dropouts,
almost zero, of the laser intensity.€lintensity fluctuations appear at frequencies
with values in the low badwidth range, up to 100 MHz, and represent envelopes
for other rapid oscillations, with valuesf the order ofGHz, formed in the
external cavityThe time periods of dropouts depend on the operating parameters
of the ECSL system: injection current, lasemperature, and feedback intensity.
Increasinglaserinjection currentthe noise charactesf the emissionincreass

and LFF dynamic disappearsiowever, under these circumstances we obtained
stable chaotic lovirequency fluctuationsbutin certain coditions depending on
intrinsic properties of semiconductor active regisagh asntensity instabilities

of modehoping type.

In thesecondpartof this work we analyzedhe mixing characteristics of the high
frequency chaotic oscillations of laser enuss of a doublereflector ECSL
(D-ECSL) systemwhich combine a linear(short) external cavity limited by a
diffraction grating with a Littmarflong) cavity limited by a mirror. The observed
chaotic dynamics hawe signature associated to multimode cha®tigme of twe
color laser systems with spectrally filtered feedback or -dizalelength
systemg11]. We experimentdy show that by increasing the long cavity feedback
intensity, chaotic oscillations with increased frequency are obtained and the
values of frequency ranges are higher as the short cavity feedlaehsesWe
show that characteristic frequencies GEQSL emissioroscillationsare bounded
by the frequency ofshort cavity oscillations and the first harmonic of the long
cavity oscillationsfrequency In the third part, twachaoticsemiconductofasers
were optically coupled into a masterslave synchronization scheme and the
effects ofthe mastercurrent modulation on chaotic dynamics of glave laser
emissionwere analyzedThe injection current of the master is modulated at
frequencies close toubdifferentfrom master and slave natural LFF oscillations
frequencies.
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Driving master laser induces in both laser emissions LFFs with two dominant
frequencies. The synchronization state between chaotic dynamics of the coupled
lasers and external modutat wasstudied using the statistical analysis of power
dropouts of laser emission of the two coupled lasers.

2. Experimental setup
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Fig. 1.(a) The ECSL experimental sep: SL, semiconductor laser; TEC, thersredectric control
mount; L, collimation sgtem; BS, beamsplitter; NDF, neutral density filter; ER, external reflector;
PD, photo- detector; PM, power meter; S, spectrometer with intensified CCD camera.

(b) externalcavity configurations based on a grating external reflector.

Generally, theexterral-cavity semiconductor lasesetup (Fig. B) includes the
SL, a thermeelectric control mount,the collimation lens system (L), a
beamsplitter (BS) that separatnd sendsa fraction of theemitted power to the
investigation systemsa variable attenumin filter (NDF), and the external
reflector (ER)placed & a Ly distance from laseThe laser beam is transmitted
with variable attenuations directly to reflector element, e.g. mirror or diffraction
grating. Also, asecond beamsplittgslacedin the exernal cavitycan be used to
optically muple the ECSL system with a second orléhe investigation systems
including a photodetector (PD), spectrograph (S) with intensified CCD camera
(iICCD), and a powermeter (PM)are used tcanalyzetime evolution of lase
intensity, optical spectra structurand power othe emitted beam, respectively
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Thus,afraction d the laserbeamextractedrom external cavity is directed to the
photodiode, and theemaining part is sent to the powermeter and through an
optical fiber to the spectrograpfhe used laser diode (Mitsubishi, ML101J8
type) is of FabryPerot type and it is stabilised by means of an injection current
control unit, Lightwave, LDX3620 type, and a temperature control unit,
Lightwave, LDT-5910B type, by mean of two Peltier temperature control
elements.
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Fig. 1.(a) The ECSL experimental sap: SL, semiconductor laseFEC, thermo- electric control
mount L, collimation system; BS, beamsplitter; NDF, neutral density filter; ER, external reflector;
PD, phob - detectorPM, power meterS, spectrometerith intensified CCDcamera
(b) externalcavity configurations based on a grating external reflector.

In the case of chaotic dynamics studiedtire conditions ofa double reflector
externalcavity the used DECSL setup is based dne ECSL system presented in
Fig.1la wereasER elementvas usedch diffraction grating

In this case besides the optical feedback ensured by gratinglondiffraction
order (linear cavity) a new feedback component is receivedhiiough the
O -diffraction order as feedback from an extercelity limited by amirror.

Thus, BDECSL system consists in a double reflector cavity, @ithcavity formed
between laser and grating, and C2 cavibymed between laser and mirror
(Fig. 1b). The C2forms a Littman cavity and has as common branch C1 cavity
configuration.
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The investigation of chaotic dynamics of the laser emission obtained in conditions
of chaos synchronization and injectioarrentmodulation was performed using

an experimentasetup consisting of two identical ECSL systems optical coupled
through a coupling attenuator in a bidirectional lag synchronization scheme.

The coupling ratio between chaotic lasers was about 1.2, being defined as the ratio
of master optical injection andolitary (without feedback) slave laser output
power

3. Results and discussion

Chaotic dynamic at higherlaser injection currents

The experiments performed @njection currents higher than laser threshold
current,show alaser emission dynamicharactezed bychaotic lowfrequency
fluctuations [12]. At 24.9 °C diode temperature it has been carried out a
comparative study about LFF dynamics function on the external refl@eR)r
type: total reflector mirrgrand a diffraction graing usedin reflection inthe

-1 order.

In Figure 2 is presented the poweudrrent P-1) characteristis measured at
24.9°C diode temperature.

The laser thresholaurrent (i) of free emissiorappears ab8 mA and critical
points characterized by inteity fluctuations of modéopping typeappearat
injection current$;= 59.7mA (1.03%*y,) andl, = 79.9 mA(1.38% ).

In external optical feedback conditions, fatt external reflectors, the LFF stable
fluctuation has been obtained ahreshold andinjection currentsl; and
I3=82.36mA (1.424y,), in the last case at a value higher than that obtdored
free emission.

Temporal analysis of the optical spectrum behawioiree emissior(Fig. 2, the
inset pictureshows that there are periodic fluationsof laser mode intensities.
The spectral structure of ECSL system emission shows two dontsantnodes
in the spectral range 662rBn +~ 663 nm when the mirrcgind 79.9 mAinjection
current are used

In Figure 3 are presented the intensity timeisgiof laser emission fog andls, as

well as the power spectra associated with them. The power spectra show the
frequency components associated to the periodic oscillations present in the
intensity time series.

Thus, atli, close to laser threshold, well-defined peak associated to LFF
fluctuationsis observedat 18.5 MHz and & I3, a peak associated with LFF
fluctuations is observecknteredn 13 MHz, as well
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When diffraction grating was used as external reflectodiffraction order was
selectedto provide optical feedback. This returns in the cavity a percentage
of 43% of laser power incident on it.

Measurements were made at 24.9 °C diode temperature, at about the same
injection currents as in mirror case (corresponding to critical poiats)t.03*,
l,= 1.38%1, andl3= 1.42%, wherelp,== 58 mA.

As in mirror case, it was observed that to obtain stable LFF chaotic regimes it is
necessary to use feedback intensities of the same order of magnitude as
atthreshold.
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Fig. 2. The powescurrent characterist&without feedbaclat 24.9°C and
the used injection currentg=58 mA,andl,=1.03%y,, andl, = 1.38%4,.
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Fig. 3. Intensity time seriesnal associated power spec#tanjection current$;=1.03%, (a, b)
andls; = 1.424,,(c, d), respectivelywhen the mirror is usedy= 58 mA,t = 24.9°C.
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In both external reflector casethere were obtained stable LFF regimesst
injection currents wer thresholdnamelyin the critical points (modéopping) of
laser poweitcurrent characteristid’he feedback power necessary to obtain stable
chaotic LFF regimes inthe critical pointswas quantifiedas being of the same
order of magnitude for both refttors, and of the order of that obtained for ECSL
system operation at laser threshold.

Chaotic dynamics in conditions of doubleeflector external cavity

The DECSL setup is based on ECSL system present&igurela. Besides the
optical feedback ensurdaly grating on-1 -diffraction order(C1 external cavity
configuration) also a new feedback component is received through the
0 - diffraction orderas feedback from an external mirror (Eiy.C2 external cavity
configuratior). Thus, the BECSL system comsts in a double reflector cavity, with
C1 cavity formed between laser and gratofgengthLci;= 42 cm and with C2
cavity made between laser and mirobiengthLc= 64 cm[13]. The C2 forms a
Littman cavity and has as common branch the C1 cavity configuralioa.
experimental setip includesa 300 tr/mm unblazed gratiras external reflector
elements for C1 cavity, and totallyflexting mirror for C2 cavity, respectively. The
C2 external cavi also includs an ON/OFF mechanical switch for coupling or
uncoupling the C2 cavity. C1 and C2 feedback intensities are transmitted to the
laser with variable attenuations function of caogl coefficients,c; and c,,
corresponding t&€1 NDF andC2 NDF filters, respectively. In Fige 4a are shown
the power spectra associated to laser intensity time $eri@&ECSL indifferent
configurationsat Iy, ¢;= 0.37 and= 24.9°C:

1 only C1 cavity(c,=0);

1 only C2 cavity ¢,=1.0; grating aligned slightly out of the position for
which C1 feedback is obtained, and C2 cavity realigned consequently);

1 C1C2 cavity with ¢= 1.0, 0.63 and 0.16, corresponding to strong and
weak C2 feedback intensities.

For D-ECSL system working only on C1 or C2 external cavities, power spectra
present a first frequency component associated withfieguency fluctuations
(zLrr), @ second component associate@tternal cavityoscillations(zgc) andits
harmonics(zyro). Fa D-ECSL system workingvith C1C2 coupled cavities at a
coupling coefficientc,= 1.0 (without feedback attenuatignpower spectrum
presents the same frequency components as for the system operating o61. with
This shows that the chaotic dynamics of flystem is dominated by that of C2
cavity. If the C2coupling coefficientis reducedto 0.63, and then to 0.1Gt a
Clfeedback powerf 0.04 mW, the power spectra also show a component
associated with LFF fluctuationt this caseec componentfor ¢, = 0.63 close
thoughdifferent from that of C2 cavity, and in the case @f= 0.16 this is no
longer present in spectruihe gyro frequency for increasing values @fcoupling
coefficient has values in thegyeo frequency rangeg. 4b).
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Fig. 4. (a) Power spectrassociated to the intensity time serie®oECSL system emissigrat
injectioncurrent58 mA, C1cavity feedback power 0.04 mW, aiwl 24.9°C; and(b) dynamics of
the highfrequency oscillatiofirequency(gnro) function of ¢ couplingcoefficient for three
C1 cavity feedback power§&pectra are vertically shifted one to the othemafbetteview.

Thus, the char agi)eofD-ECSLI systerh shewghigleenvelies s
whencoupling coefficient; is higher.The analysis ofuro frequency behaviour
was also performed for other twpcoupling coefficients from C1 cavity, witil
feedback paers 0.03 mW, and 0.02 mW, respectively (Fig. 4b).

I n both cases,
for C1 feedback pwer 0.04 mW.The difference is due to the fact thgiro
frequencyvalues are higher as thieedback intensity in C1 cavity is high&y

using DECSL systenit wasshown that one may generate chadtigh frequency
oscillations with tunable guro frequeng in the SL emission By using an
additional external cavity combined with theodification of feedback intensity
provided by it, the chaotichigh frequency oscillationfrequency of DECSL
system emission can be tuned almost continuously over tens of Migh.
frequency oscillations mixing increases the noise character of the signal as well,
which is of practical importance for data encoding using laser carriers

Chaotic dynamics of twocoupledchaotic lasers

In this casewere usedtwo ECSL systems as that presented in Figurewlth

equal external cavity lengths of about 64 cm (feedback déldyme U=4. 3
These weraptically coupled through a coupling attenuator in a bidirectional lag
synchronization schemid4]. Lasers were operated near threshgld= 54 mA

where emission is multimeadl

(g

I hEo fraqueency dh@wethre waend evoldtientas t he g

ns)
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The operation parameters were, for masterl.05%, andt = 22.5°C, and slave,
| = 1.05%, andt = 23.67°C, chosen to obtain the same spectra domaiBlLdfee
emission(without feedback)

A waveform generator adds a sinusoidal signabdoinjection direct current
applied on master laser usireg multiplexor ZFBT6GW biastee device[15].
Forlaser emission signals acquisition and analysiwo photodetectors
(Becker&Hickl, APM-400-P, and Laser 2000, EA030A) were used. A 2.5 GHz
Tektronix DPO7254 digital oscilloscope acquired simultaneously the signals.
Time series of 5x10points acquired at a 2x1®s sampling interval were
recorded for tbpout statistics.

The dynamics of coupled lasers with master external modulation has been studied
at two frequencies8 and 15 MHz, around master natural (without modulation)
LFF frequency(10 MHz or 0.1 us time periodjFig. 5a) anddifferent from ttat

of slave LFF oscillation§3.4 MHz or 03 us time period)Fig. 5b)

It was achiewed a correlation of the rate of power dropouts for master and slave
laser intensities undewoptical coupling conditions with modulation frequency.
Driving the master at thievo frequencies, induces dropouts with a periodicity of
0.125¢ gFig. 6a) and 0.06& gFig. 6b) respectively, resulting in LFFs with two
dominant frequencieshe natural and the driving one.

It was observed that slave LFFs become more regular cotlmed system; also,
when master is modulated at 8 MHz, closentasternatural LFF frequency, the
master and slave LFF oscillations have the same freque(igs 6¢, d)
Modulation at 15 MHzout of the frequency range bounded by the master and
slave natural LFF frequencies induces in chaotic dynamics of both lasers a
clustering of the dropouts at two frequencies, as well: the modulation and master
natural frequencies, for mast@fig. 6e) and, the master natural frequency and
another, different fronthe modulation one, for slayEig. 6f).
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The chaotic dynamics of master and slave ECSL systente coupledare
changed in the presence of modulation compared to the case without modulation.
Experimentsshow thatfunction of modulation frequencthe slavedynamicsonly
couples (synchronizggo the masterone and not tothat determined by the
external modulator. So, at this modulation frequency, only the oscillations
induced by the modulator to which master dynamics synchronizes can induce
changes in the dynamics of another system thamishsonized withmasterThe
reported results abowhaotic dynamicbehavior of laser emission obtained in
different external optical feedback conditist®wa wide range of possibiiisto

chaos generation and contrdthis haspotential of applicationn data encoding

and information transmission using optical chaotic carriers.
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4. Conclusions

A comparative study about the characteristics of chaotic dynaofidsCSL
system emissiom different external optical feedbacknditionsis reported.

Studies vere performedising aa ECSL system that woskat injection currents
near lasethreshold, as well as at higher currents where in the optical spectra of
free laser emission, oscillations of meugpping type (power jumps between
active laser modes) are pees.

Measurements made kaiser threshold current ardgher thanthis (Iy,, 1.03*,

1.42 Ay, respectively), for fixed diode temperatuigave evidenced emission
regimes with stable LFF fluctuations for feedback powers of the order of
magnitude to thee at laser threshold.

In the case of aoublereflector ECSL systenmchaotic emission waanalyzed
function of the feedbaclpowersapplied on the two branches of the system,
namely C1 and C2 cavity configurations.

It was shown thattor large external catres the frequencguro of high frequency
chaotic oscillationsncrease with the C2 feedback intensity increase, and the
frequency rangés bounded by those of C1 external cavity, and first harmonic of
C2 external cavity, respectivelgguro frequency do not carry informaticabout

the geometry ofhe chaoticsystemif a C2coupling coefficient up to 0.58 used

In the case of two ECSL systemsupled into a mastelave synchronization
scheme the control of chaotic dynamics baen investigated under master dc
current malulation conditions.

Driving master laser induces dropouts (LFw#h two dominant frequencies.

The master modulation at a frequency that is not in the range bounded by master
and slave natural LFF frequencies has no control on slave chaotic dynamics.

It has only the role to clustering the periods of dropouts, but at values other than
the modulation one.
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