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(diode lasers)

= Nowadays are widely used in:
— Telecom & datacom
— Optical data storage (CDs, DVDs, Blu rays)
— Barcode scanners, printers, mouse
— Biomedical applications (imaging, sensing, etc)

= They emit a very stable output... if they
are not optically perturbed.

= Optically perturbed semiconductor lasers provide an
Inexpensive setup to study chaos and nonlinear dynamics.



UNIVERSITAT POLITECNICA
DE CATALUNYA
BARCELONATECH

Campus d’Excel-lencia Internacional

Available online at www.sciencedirect.com

sc'ENCE@D'"EC” PHYSICS REPORTS
EL

=¥ 2
SEVIER Physics Reports 416 (2005) 1—-128

.
T

www.elsevier.com/locate/physrep

The dynamical complexity of optically injected
semiconductor lasers

S. Wieczorek?® *, B. Krauskopfb*d_, T.B. Stmpson®, D. Lenstrad-®

Also optical rogue waves?
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Instabilities in lasers with an injected signal

J. R. Tredicce, F. T. Arecchi, G. L. Lippi, and G. P. Puccioni

178 J. Opt. Soc. Am. B/Vol. 2, No. 1/January 1985
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PRL 107, 053901 (2011) PHYSICAL REVIEW LETTERS

week ending
29 JULY 2011

Deterministic Optical Rogue Waves

.. 1 . . 2 - 2 . T )
Cristian Bonatto,” Michael Feyereisen,” Stephane Barland,” Massimo Giudici,

; - 23 2.3
Jos¢ R. Rios Leite,” and Jorge R. Tredicce™
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Cristina Masoller,
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e Parameters:

o Injection ratio
o Frequency detuning (controlled
via the pump current)

ORW: pulse above

<A>+06-8 0
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What we have learned: in our system, ORWSs can be
= deterministic, generated by a crisis-like process.

= controlled via noise and/or modulation.
= predicted with a certain anticipation time.

The challenge
= Data-driven approach to advance predictability.

C. Bonatto et al, Deterministic optical rogue waves, PRL 107, 053901 (2011).

J. Zamora-Munt et al, Rogue waves in optically injected lasers: origin,

predictability and suppression, PRA 87, 035802 (2013).

« S. Perrone et al, Controlling the likelihood of RWs in an optically injected
semiconductor laser via direct current modulation, PRA 89, 033804 (2014).

« J. Ahuja et al, Rogue waves in injected semiconductor lasers with current

modulation: role of the modulation phase, Optics Express 22, 28377 (2614).
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o Complex field, E
o Carrier density, N

dE 1 : :
5 I+ia)(N-DE + iAo + [Py +‘\/2,Bsp/TN 40
To | |
e taneous

dN 1 > optical injection spontan
dt - IL‘_N_N‘ E‘ n: injection strength eMmISSIon

| N Y Ao= o,-0,: detuning noISE

Solitary laser parameters: a. 1, Ty n Typical parameter values:

| u: normalized pump current parameter | a=31=1ps,ty=1ns

Spatial effects are not taken into account.

This is because this simple model provides good qualitative agreement
with experimentally observed dynamical behaviors. 7
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o Injection locking (cw output)
o Periodic oscillations

o Chaos Threshold: <H> + 8o
/\\ Al Log(# of Events)
a
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A simulated RW
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J. Zamora-Munt et al, PRA 87, 035802 (2013)
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Fixed points in the phase space

Sz =5 =25

P
A (GHz)

C. Masoller 10
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A RW is triggered whenever the trajectory closely
approaches the stable manifold of S2 (the “RW door”)
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cmmeascamcaneneos PUISES 1IN @ Model of a semiconductor
laser with optical feedback
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J. A. Reinoso et al, PRE 87, 062913 (2013)
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Chaos without RWs Chaos with RWs 13
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An external crises-like process enables access to the region
of phase space where the stable manifold of S2 (x) is.

14
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Deterministic RWs (Bsp =0)
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Current modulation with appropriated amplitude and
frequency can completely suppress the RWSs.

S. Perrone, J. Zamora Munt, R. Vilaseca and C. Masoller, PRA 89, 033804 (2014)
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No noise (Bsp 0) Stochastic simulations (B.,=0.01)
- 2NN s 3 log, RWs - 20 | log,, RWs
%r' g 16
=8 = =8
hE = Jd

%0 1 4 5 Oo 1 2 3 4 5
fmod (OHZ) /. (GHZ)
White = No RWs White = No RWs

“safe parameter region” is robust to the presence of noise.

S. Perrone, J. Zamora Munt, R. Vilaseca and C. Masoller, PRA 89, 033804 (2014)
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In Point B (no deterministic RWs)
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"'mod'uf) (percentage)

White = No RWs

Modulation can induce RWs
“safe” parameter region is also robust to noise
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Histograms of pulse amplitudes
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10° RWs are
suppressed
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role of the modulation phase
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RWs occur during the The highest RWs occur
first % of the just before the “safe”
modulation cycle. phase window.

J. Ahuja, D. Bhiku Nalawade, J. Zamora-Munt, R. Vilaseca and C. Masoller,
Optics Express 22, 28377 (2014)
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Simulations

%)

=

g Experiments

:; 50

8 |

.9. 40

= |
0 2 4 6 8 10 330

510 8o g

_g | £ 10

> Ol 0

B

& o 5 5 : 5 0

g O Time (ns)
0

Time (ns) Superposition of 500 time

Superposition of 50 time series at the RW peak
series at the RW peak

J. Zamora-Munt et al, PRA 87, 035802 (2013)
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— Brandt & Pompe, PRL 88, 174102 (2002)
u =
X {I [ lXi, Xi+1, Xi+2, == I}
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Ord. Patt. label

o _ . Random data
The OP probabilities allow to identify frequent — OPs are

patterns in the ordering of the data points equally probable

— Advantage: the probabilities uncover temporal correlations.

— Drawback: we lose information about the actual values.
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Examplel: the logistic map
X(1+1)=4x(1)[1-x(i)]
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ordinal transition
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C. Masoller et al, New J. Phys. 17 (2015) 023068
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Aragoneses et al, PRL 116, 033902 (2016)

E. G. Turitsyna et al, “The laminar—turbulent transition in a fibre laser”, Nat. Phot. 7, 783 (2013)



@ Ordinal analysis allows to unveil
Campus d’Excel-léncia Internacional L h idde n a4 i ntri nSic ti me_S C al es

{[@', Iri_|_»7-j IiJrQT, . } all data points, no threshold used

1

b) 0.85
1k 08| ¢ -
5 0.90
§ E 0.6
© 0.995; 5 04
S ©
® o 0.27
=3
£ 099 g ol
& 2
0.2
0.985} 0.4

OP Probabilities

Lag time (in ns)

Aragoneses et al, PRL 116, 033902 (2016)

100 200 300 400 100 200 300 400
j j j



O

Time series (deterministic simulations),

UNIVERSITAT POLITECNICA
DE CATALUNYA
BARCELONATECH

Campus d’Excel-lencia Internacional

Ordinal analysis applied to three
pulse heights before a RW
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Empirical data: optically injected

semiconductor laser
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= Take home message:

+ Optical rogue waves provide “big data” for testing novel analysis tools.
* Nonlinear tools might capture relevant features in the data.

= A few specific conclusions: in our system

 RWs are generated when the trajectory closely approaches a narrow
channel (“RW door”); a crises-like mechanism allows access to the
phase space region where the “RW door” is.

« RW Control: noise and modulation affect the likelihood of RWSs.
« RW Predictability:

o When modulation does not suppress RWSs, they occur only in
certain windows of the modulation cycle.

o Preliminary results: more frequent (precursors) and less frequent
ordinal patterns occurring before high pulses identified.

o Could be useful for distinguishing different types of pulses?
= Ongoing work: characterizing the performance of these tpols.
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