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Where are we? 



Nonlinear optics and laser 

dynamics research labs 



 Introduction to extreme events & optical rogue 

waves. 

 

 Semiconductor laser with optical injection: 

experimental observations & numerical results. 

 

 Semiconductor laser with optical feedback: 

numerical results. 

 

 Summary and conclusions. 

Outline 



Rogue waves 

The Great Wave of Kanagawa, Katsushika Hokusai. Source: Wikipedia 

RWs are rare, ultra-high waves that fall outside (and far 

from) the main part of long-tailed probability distributions. 



 A RW is usually defined as a wave that is two times the 

significant wave height of the area. The significant wave 

height is the average of the highest one-third of waves 

that occur over a given period. 

More precisely 

 Serious problem 

for the design of 

off-shore 

platforms. 

Source: National Geographic 



Optical RWs: first observation 

D. R. Solli et al, Nature 450, 1054 (2007) 



Since 2007: a lot of work 

A recent review of the state-of-the-art 



 We have recently shown experimentally and numerically 

that continuous-wave optically injected semiconductor 

lasers can display huge intensity pulses that we 

identified as deterministic rogue waves. 

 These pulses can be predicted with a certain anticipation 

time. 

 They are generated by an external crisis-like process. 

 Noise can either enhance or diminish their probability of 

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

RWs in optically injected 

semiconductor lasers 

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

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



Highlighted in OPN and Nature 

Photonics  



12 C. Masoller 

• Parameters: 

o Injection ratio 

o Frequency detuning   = s- 0 

 

 • Dynamical regimes: 

o Injection locking (cw output) 

o Period-one oscillation 

o Period-two oscillation 

o Chaos 

0 s 

Detection system 

(photo detector, 

oscilloscope, 

spectrum 

analyzer) 

                        

Tunable SCL VCSEL 980 nm 

Optically injected 

semiconductor lasers 

Adapted from J. Ohtsubo 
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Lyapunov diagram 

Bifurcation diagram 
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Also RWs? 
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The frequency detuning between the lasers,  = s- 0, 

is controlled by the slave laser pump current, I 

When I increases:  

 → Joule heating  

 → the temperature modifies the cavity refractive index  

 → decreases the cavity resonance frequency  s = g(Temp) = f (I) 

0 s 
(fixed) (variable) 

We varied the slave laser pump current and detected the output of the laser: 

o Intensity time - series (with a 6 GHz oscilloscope) 

o Intensity Fourier spectrum (spectrum analyzer) 

(f approximately linear) 

- Photo detector: 9.5GHz 

- Oscilloscope: 6 GHz, 20GS/s 

- Spectrum analyzer: 72GHz 

Experimental setup and control parameters 
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C. Bonatto et al, PRL 107, 053901 (2011) 

Fourier spectrum of the laser intensity Time series of the laser intensity 

(In the chaotic region,  

I = 0.976 mA,  = -1.34 GHz) 

Five regions as I increases: 

o Beating (independent lasers) 

o Period 2 of the beat note  

o Stable locking  

o Periodic & chaotic oscillations  

o Beating (independent lasers again) 

Experimental observations 
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I = 0.972 mA I = 0.976 mA 

Border = mean value + 8  

Histograms of pulse amplitude 
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o The complex optical field, E (photon number  |E|2 ) 

o The carrier density, N 
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Solitary laser 

parameters:  p N   

optical injection 

: injection strength 

: frequency detuning 

spontaneous 

emission 

noise 

: normalized pump current parameter 

Typical parameter values: 

 = 3, p = 1 ps, N = 1 ns 

 

Governing equations 
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Point A: No RWs Point B: RWs 

Lyapunov diagram 

Slave laser pump current 

Deterministic simulations 

(sp=0) 



Experiments Simulations 

Comparison 
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Number of RWs Lyapunov diagram 

Rogue waves in the parameter space 

(pump current, frequency detuning) 
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Experimental data Deterministic & stochastic 

simulations (sp = 10-4) 

Statistics of the RW 

waiting time 



Measured intensity time 

traces (500 RWs) 
Simulated time traces 
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<H>+8 

sp = 0 

459 RWs 

<H>+8 

sp = 10-2 

53 RWs 

<H>+4 

RW predictability 

J. Zamora-Munt et al, PRA 87, 035802 (2013) 
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sp = 0 sp = 10-4 sp = 10-2 

Influence of spontaneous 

emission noise 



C. Masoller 25 

N 

Fixed points in the phase space 

What triggers a RW pulse? 
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A RW is triggered whenever the trajectory closely approaches the unstable 

manifold of S2. 

 to S2  to S2 

Narrow channel 
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Experimental data: amplitude of 

the intensity pulses 

Numerical simulations 

chaos with RWs and 

chaos without them 
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An external crises-like process enables access to the phase space 

region where the stable manifold of S2 (x) is. 

Why chaos with RWs and 

chaos without them? 



Dynamics with optical feedback 

from a short external cavity 

Typical parameter values: 

 =5, T = 1710,  =70, J = 1.155 

=2L/c 

 

Short EC: 

fext=1/ > fro 

171/2  JTTRO 

pts / p /



Regular Pulse Packages (RPPs) 

T. Heil et al, PRL 87, 243901 (2001) 

A. Tabaka,et al. PRE 70, 036211 (2004) 

 Experiments  Simulations 



Numerical bifurcation diagram 

A. Tabaka,et al. PRE 70, 036211 (2004) 

EPs? 



Regular pulse packages Extreme pulses 

RPPs vs EPs 

J. A. Reinoso, J. Zamora-Munt and C. Masoller. PRE 87, 062913 (2013) 



Using a high threshold Using a lower threshold 

Predictability 



Deterministic intermittency 
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 Transition 1: noise induced EPs 



 Transition 2: noise advances the switching 

Influence of noise 
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 Transition 3: noise advances the switching 

Influence of noise  
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Optically injected semiconductor lasers: 

 Intensity pulses characterized by long-tailed histograms; giant rare 

pulses interpreted as Rogue Waves. 

 Different types of chaos identified: without and with rogue waves. 

 Origin of RWs: deterministic. An external crises-like process 

enables access to the region in phase space where RWs can be 

triggered. 

 Predictability: in our system RWs can be predicted with some 

anticipation. 

 Control: noise strongly affects their probability of occurrence. 

 

External-cavity lasers: 

 Similar results, intermittency is the route to extreme pulses. 
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Summary 
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