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induced by optical feedback c
Extreme pulses (optical >
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induced by optical injection =

Polarization-resolved intensity

VCSEL polarization switching

induced by noise and/or by the variation of a
control parameter —typically the pump current
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= Extreme intensity pulses (rogue waves)

= Characterization of regime transition
« Symbolic method of time-series analysis
 Applications
— LFF noisy entrainment via weak modulation

— Early indicators of VCSEL polarization switching
— Quantifying the onset of LFF and Coherence Collapse regimes
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The dynamical complexity of optically injected
semiconductor lasers

S. Wieczorek® *, B. Krauskopf® ¢, T.B. Simpson®, D. Lenstra®:¢

Dynamical regimes
o Injection locking (cw output)

Master Laser Slave Laser

=

o Periodic oscillations
o Excitable pulses
o Chaos

Isolator

Also rogue waves?
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Deterministic Optical Rogue Waves
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In our system optical rogue waves

= can be deterministic, generated by a crisis-like process (but they can
also be induced by noise).

= can be fully suppressed via appropriate current modulation (but they
can also be induced by modulation).

= have a certain degree of 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 (2014)°
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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 Y Y
e taneous

dN 1 > optical injection spontan
dt - N'N'N‘ E‘ n: injection strength eMmISSIon

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

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

a=3,7,=1ps,tiy=1ns

| u: normalized pump current parameter |

Spatial & multimode effects are not taken into account.
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o Complex field, E
o Carrier density, N

dE 1 . -yt
o5 WHia)(N-DE  + nE(t-r)e™ 2B 17 &)
@ ! !
dN 1 > optical feedback ~ SPOntaneous
dt - ( N'N'N‘ E‘ ) n: feedback strength S oo 0"
\ L @y 1. delay time noise

|

Solitary laser
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Deterministic simulations (B5,=0)
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J. Zamora-Munt et al, PRA 87, 035802 (2013)
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Three fixed points in the phase space
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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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Lyapunov exponent Number of rogue waves (10 us)
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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.
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Deterministic RWs (Bsp 0) Weak noise (B.,=0.0001)
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H = :uO + :umod Sin(272' 1:mod t)

No noise (B,,=0) Stochastic simulations (B.,=0.01)
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» Current modulation with appropriated amplitude and
frequency can fully suppress the 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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« “safe parameter region” is also robust to noise



_————SssssssssSSSSSSsSSSSSSSSS——————————————————.—_—.———————
@ s oL TECN A Why RWs are suppressed?

BARCELONATECH

Campus d’Excel-lencia Internacional

Histograms of pulse amplitudes
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Characterizing regime transitions
« Symbolic ordinal analysis
* LFF entrainment
 Early indicators of polarization switching
* Noise-LFFs-CC transition
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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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Ordinal analysis provides
complementary information.
Useful for model verification,
parameter estimation,
classification, etc.
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A. 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)
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A. Aragoneses, S. Perrone, T. Sorrentino, M. C. Torrent and C. Masoller, Sci. Rep. 4, 4696 (2014).
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of noisy locking
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Indicators of an abrupt transition

VCSEL polarization-
resolved intensity when the
, pump current is linearly

i iIncreased.
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Time (0.1ns)

M
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C. Masoller et al, New J. Phys. 17 (2015) 023068
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The low-frequency fluctuations (LFFs) and the coherence
collapse (CC) regimes induced by optical feedback have
been intensively studied in the last three decades.

Experimental data recorded in our lab (zero mean normalized to o=1)
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D. Lenstra, B. Verbeek and A. Den Boef, IEEE J. Quantum Electron. 21, 674 (1985)
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= Can we quantitatively identify the onset of LFFs
and CC regimes?

= Can we quantify their different properties?
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LFF slow-fast dynamics:

Intensity PDF depends on the
oscilloscope qampling time
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C. Quintero-Quiroz et al, submitted (2016)
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= Take home message:

« Semiconductor lasers with optical feedback / injection provide “big
data” for testing novel analysis tools.

* Nonlinear tools capture patterns and new features in the data.

= A few specific conclusions:

* 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.

- VCSEL PS: opportunity to test novel early warning indicators of abrupt
transitions.

* LFFs with weak current modulation: OP probabilities detect noisy
locking.

* Noisy-LFF-CC transition: quantitative identification of the onset of each
regime.

35
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