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What is a supercontinuum? 

Narrowband field experiences massive continuous 
spectral broadening in a nonlinear medium 



Supercontinuum sources are actually useful! 



Outline 

● Basics of pulses propagation in nonlinear fibers 
–  nonlinear phenomena, numerical modelling 

 
 

● Regimes of supercontinuum generation  
–  Deconstructing the dynamics 

 
 

●  Latest developments 
–  Emerging structures 

 
 

● Noise amplification dynamics 
–  Modulation instability and extreme events 
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● Basics of pulses propagation in nonlinear fibers 
–  nonlinear phenomena, numerical modelling 

 
 

● Regimes of supercontinuum generation  
–  Deconstructing the dynamics 

 
 

●  Latest developments 
–  Emerging structures 

 
 

● Noise amplification dynamics 
–  Modulation instability and extreme localization 



Supercontinuum is 45 years old 

Special anniversary at SPIE Photonics West 2014, 
celebrating the discovery of supercontinuum 45 years ago 
-  Bob Alfano 
-  Alex Gaeta 
-  Roy Taylor 
-  Steve Cundiff 
-  Govind Agrawal 
-  … 



Supercontinuum is 45 years old 

In bulk 



Supercontinuum is 45 years old 

In bulk 

6 ps pulses 
5 mJ 
λ = 532  nm 

Glass 



There are some issues though 

●  Limitations 
-  Walk off   
-  Diffraction 
-  Strong dispersion, limited broadening 

 
● Need very high energy 

-  Damage 

● Fiber is the way to go! 
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But “only” 36 years old in fiber 

Lin et al., Electron. Lett. 14, 822 (1978) 
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FIG. 2. (a) Continuum generated in the fiber waveguide with a 
broad-band Coumarin 120 dye laser as the pump. Pulse shape 
of (b) the pump and (c) the total continuum is displayed on a 
2-ns/ cm scale. Also shown are the near-field patterns at the 
end of the fiber of (b) the pump at low power and (c) the con-
tinuum output at full pump power. 

Many nonlinear optical processes have been observed 
in fiber waveguides8- 1o with laser powers much less 
than those required in bulk materials, because high 
optical intensities can be maintained over long lengths 
for confined nonlinear interactions. With a few kW of 
Nd:YAG-laser second-harmonic pulses coupled into the 
fiber, for example, one can observed many orders of 
stimulated Raman Stokes8 or various Stokes -anti -Stokes 
pairs due to stimulated four-photon parametric mixing. 9 

The experimental arrangement used for our continuum 
generation shown in Fig. 1 is similar to that used to 
observe stimulated Raman scattering (SRS) in fibers. 
The main difference is that we use a kW dye-laser 
pulse of large spectral width (-150 A.) as the pump. 

The dominant nonlinear processes contributing to the 
continuum generation are sequential stimulated Raman 
scattering and self-phase modulation (SPM) so that the 
continuum is produced on the red side of the pump 
wavelength. This differs from the superbroadening 
generated in liquids and solids by intense picosecond 
pulses where the continuum is generated both above and 
below the pump wavelength. 11,12 The contributions of 
SRS and SPM in a fiber can be seen separately with a 
narrow-band pump. In this case, SRS produces a series 
of discrete Stokes lines which become progressively 
broader to higher orders. The broadening is quite simi-
1ar in liquid -filled fibers which have narrow Raman 
lines13 and in glass fibers where the Raman gain curve 
is broad (500 cm-1). In bulk materials this broadening 
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is larger for a multiline pump than for a Single-fre-
quency pump14 and is believed to be due to SPM. 15 The 
phase shifts associated with the intenSity-dependent re-
fractive index will add up over the length of the fiber so 
SPM can be a Significant effect in a long fiber even at 
fairly low powers. 16 To produce the continuum in the 
glass fiber, we use a pump with a spectral width com-
parable to the Raman shift. With such a wide-band 
pump it is not possible to separate the contributions of 
SRS and SPM, but by analogy with the narrow-band ex-
citation case we assume that sequential SRS produces 
the wide frequency range which is filled in and smoothed 
by SPM. We also observe a weak first-order anti-
Stokes component which points to a contribution from 
stimulated four-photon mixing. Phase matching for the 
four-photon processes is provided by the waveguide 
modes, so this contribution should be absent in a single-
mode fiber. 

The dye laser is pumped by a N2 laser in a nonfre-
quency-selective caVity. Typical output is -10 ns long 
150-200 A. wide (to 10% of maximum), and the availabie 
power before the fiber is in the 10-20-kW range. The 
optical fiber is a 19. 5-m silica core fiber with a core 
diameter of 7 f.lmo 17 By proper alignment, an over-all 
coupling efficiency of 5-10% is readily obtained. The 
pump power in the fiber waveguide is typically -1 kW 
and the intenSity for a 7- f.l core fiber is -109 W /cm2. 
Quite often the input end of the fiber was damaged if the 
full pump power was applied before good coupling to the 
fiber was obtained. A pump beam of good spatial quality 
is desirable for efficient coupling and minimum damage. 

When - 1 kW of pump power was coupled into the fiber 
wavegUide, the continuum generated had a smooth 
broad spectral width (1100-1800 A in the visible). The 
spectral bandwidth of the generated continuum depends 
for fixed fiber lengths on the pump power coupled into 
the waveguide. USing various dye-laser pumps, the 
following continua were generated with the power cou-
pled into the guide being - O. 7 -1. 2 kW and with greater 
than 90% total energy conversion into the continuum: 
3920-5370 A with Pilot #386 in dimethyl formamide 
4340-6140 A with Coumarin 120 in methanol 5340"':' 
6480 A with Fluorescein in methanol, and 57'50-6850 A 
with Rhodamine 6G in methanol. In the case of Coumarin 
120 [Fig. 2(a)J, the continuum covers such a wide re-
gion in the visible spectrum that the beam coming out 
of the fiber appears white. A spectrometer scan using 
2-cm-1 resolution showed the continuum to be smooth 
over the entire range with no sharp emission or ab-
sorption lines. 

The pulse shapes of the pump and of the total con-
tinuum are shown in Fig. 2. The continuum as a ,,'hole 

1-----1 
10 ns 

iIi i i 4 \ iii "f • 
440 460 480 500 520 540 560 580 600 A (nm) 

FIG. 3. Typical time characteristics of different spectral re-
gions of the continuum. 
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Truth be told: this is an amazing result! 



But “only” 36 years old in fiber 

Truth be told: this is an amazing result! 



A historical note 



Linear Optics 

Molecule 

Input Wave Output Wave 
same wavelength! 

●  Linear optics (attenuation and dispersion) 
–  Optics of weak light (low intensity) 

●  Light is deflected or delayed 
–  FREQUENCY unaffected 



Dispersion 

● Monochromatic light propagates with phase velocity c/n 

 
●  Light pulse composed of multiple frequency components 

–  travels at the group velocity 

● Dispersion = frequency-dependence of vg 
–  frequency-dependence of refractive index of silica n (material 

dispersion) 
–  frequency-dependence of the size of the mode (waveguide 

dispersion) 

n 

ω	


ng 

ω	




Dispersion 

● Different spectral components of the pulse travel at different 
speeds 

●  Intensity of a pulse travelling though a fiber is dispersed in 
time ⇒ pulse spreads in time 

● Spectrum unchanged 

t t 



Dispersion 

● D<0: normal dispersion  
–  Higher frequencies (shorter 

wavelengths) travel faster than 
lower frequencies (longer 
wavelengths) 

● D>0: anomalous dispersion 
–  Higher frequencies (shorter 

wavelengths) travel slower than 
lower freq. (longer wavelengths) 

● D=0: zero-dispersion wavelength 

zero-dispersion 
wavelength 

● Dispersion leads to walk-off between spectral components of 
pulses  
–  limits the efficiency of nonlinear effects 



Nonlinear Optics 

Molecule 

Input Wave Output Wave 
new wavelength! 

● Nonlinear optics (scattering and nonlinear refractive index) 
–  Optics of intense light 

●  Light induces effects on its own AMPLITUDE/PHASE  
–  Affects its FREQUENCY 



● Medium: collection of charged  particles 
 
 
 
●  Light wave travels in the material=oscillating electric field 

applied        charges moves, electric dipole 
 
●  Induced electric dipole moment (i.e. induced polarization)  

–  Light radiated at same frequency 

 

●  If electric field large, motion of bound electrons is 
anharmonic = nonlinear (~spring distorted)  
–  Light radiated at harmonic frequencies 

 

Origin of nonlinear effects 

-+ -+ 
-+ 

-+ 

Light wave/E-field 

ions 
e- 



Regimes of nonlinear optics 

Perturbative  
regime 

Strong field regime 

Extreme  
nonlinear optics 

Bound  
electrons 

Free electrons 

1012 W/cm2 1014 W/cm2 1016 W/cm2 1018 W/cm2 
Intensity 
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● Pulse  propagation in optical fiber obeys : 

 

Nonlinear pulse propagation in optical fibers 

∇×∇×E(r , t)+ 1
c2
∂2E(r , t)
∂t 2

= −µ0
∂2P(r , t)
∂t 2

with P(r , t) =PL(r , t)+PNL(r , t)

P(r , t) = ε0χ
(0) +ε0χ

(1)E(r , t)+ε0χ
(2)E 2 (r , t)+ε0χ

(3)E 3(r , t)+...

Dispersion Nonlinearity 



● Pulse  propagation in optical fiber obeys 

●  In silica: χ(2)=0 (centro-symmetric material) 

● Only THIRD-ORDER nonlinear effects 
 
 

Nonlinear pulse propagation in optical fibers 

∇×∇×E(r , t)+ 1
c2
∂2E(r , t)
∂t 2

= −µ0
∂2P(r , t)
∂t 2

with P(r , t) =PL(r , t)+PNL(r , t)

P(r , t) = ε0χ
(0) +ε0χ

(1)E(r , t)+ε0χ
(2)E 2 (r , t)+ε0χ

(3)E 3(r , t)+...

Dispersion Nonlinearity 



Representation of optical pulses 
E-field associated with short laser pulses:  

E(r ,z, t) =F(r )A(z, t)eiω0t
F(r ) modal distribution
A(z,t) temporal envelope

ω0 =
2πc
λ0

 carrier frequency
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Representation of optical pulses 

t 

E-field associated with short laser pulses:  

t 

P(z,t)=|A(z,t)|2: power 

A(z,t) 

What you measure in practice 

τ: pulse duration (from 10-9 s to 10-15 s) 

τ 

Pp: peak intensity (from 100 W to 105 W) 

E(r ,z, t) =F(r )A(z, t)eiω0t
F(r ) modal distribution
A(z,t) temporal envelope

ω0 =
2πc
λ0

 carrier frequency
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Representation of optical pulses 
E-field associated with short laser pulses:  
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● Consider only fundamental mode (Gaussian) 
● Does not vary with propagation 
● Only temporal effects matters, no diffraction 



● Generalized nonlinear Schrödinger Equation (GNLSE) 

 
 
● Can include noise, frequency-dependent mode area, 

polarization…etc 

● Validity: down to single cycle regime 

Self-Steepening term SPM, FWM, Raman 

Intensity-dependent ref. index 

Raman response  

Dispersion 

Pulse propagation equation 

Loss 



Self-Phase Modulation 

graduate to carry out—understanding its sub-
tleties isn’t.3

Immediate impact
An intense laser pulse strongly polarizes a dielectric
material such that the induced polarization depends
nonlinearly on the electric field of the incident light.
That nonlinear light–matter interaction is behind
the transformation of the incident narrowband light
into broadband radiation. As a rule of thumb, the
magnitude of the nonlinear polarization and the su-
percontinuum bandwidth scale with the pump
power, so ultrashort picosecond and femtosecond
pulses are usually used as pump sources because
they have the highest peak power. But a pulsed
source isn’t a strict requirement.

Robert Alfano and Stanley Shapiro generated
the first supercontinuum in the late 1960s by focus-
ing picosecond pulses of green laser light into bulk
crystals and glasses.4 Researchers conducting sub-
sequent experiments used liquids, gases, optical

fiber, and other media.5 But in 1999 Jinendra Ranka,
Robert Windeler, and Andrew Stentz revolution-
ized the field with experiments using a new type 
of photonic-crystal fiber.6 The fiber’s properties in-
cluded its ability to confine light to small cross-
sectional areas to maintain the light’s intensity over
long distances, as well as its engineered dispersion,
which was tailored to optimize nonlinear soliton
processes, discussed below, that generate a large ra-
diative bandwidth [OK?]. Those advantageous
properties, on display in figure 1, enabled Ranka
and company to produce a supercontinuum using
low-energy sources attainable from common, table-
top femtosecond lasers. Before that development,
generating such light required relatively large and
complex experimental setups, an obstacle that sig-
nificantly impeded widespread adoption of the
technology. 

The experimental simplicity generated enor-
mous interest among the nonlinear-optics re-
searchers who wanted to probe the underlying

2 July 2013 Physics Today www.physicstoday.org

Supercontinuum light
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a

Optical fiber Figure 2. Dispersion and self-phase modulation.
(a) The dispersion of an optical fiber causes different
frequency components of a light pulse to become out
of phase as the pulse propagates along the fiber. As a
result, the pulse envelope broadens in time. (b) If the
intensity I(t) of the pulse is high enough, it can modify
the fiber’s refractive index. The nonlinear change in
index induces a phase modulation ϕNL that depends
on the time-varying pulse intensity. Because a time-
varying phase is equivalent to a changing frequency,
the phase modulation generates new frequencies in
the fiber and leads to a dynamic frequency variation,
or chirp, across the temporal pulse profile.

Figure 1. An injection of 
800-nm femtosecond pulses
into an optical fiber (from the
coupler on the left) produces a
white-light supercontinuum
that is fed to another coupler
and dispersed onto a screen
(top) using a diffraction grating.
Though only the visible portion
of the spectrum is apparent, 
the supercontinuum actually 
extends from below 400 nm into
the IR above 1500 nm. The dis-
persed spectrum can be seen as
a collimated line focus because
the spatial-focusing properties
of the pump laser are preserved
during the spectral broadening
process in the fiber. (Photo by
Benjamin Wetzel.) 

●  Light modulates its own phase:  
 

●  The frequency of the pulse is time-dependent: chirp 
 

φNL(t,L) = γ P(t) L

L 

φ ~P(t) 



Self-Phase Modulation 

t 

I(t) 

ω	


I(ω) 

ω	


Time domain 

Frequency domain 

t 

I(t) 

I(ω) 

● Spectrum broadens but temporal profile unchanged 



● Nonlinear mixing between two optical signals at different 
frequencies generates signals at the frequency difference  

● Energy conservation + phase-matching condition 
ω 

S(ω) 
ω1 ω2 

ω3 ω4 

Four-Wave Mixing 

ω1 +ω2 →ω3 +ω4
β(ω1)+β(ω2 )→ β(ω3)+β(ω4 )

ω1 

ω2 ω3 
ω4 



Stimulated Raman Scattering 

●  Interaction between light and vibrational modes of molecules 

● High intensity pump induces gain for a wave with shorter 
frequency (longer wavelengths) 

● Raman gain is broadband and depends on material 
Frequency (THz) 

-30 -13.2 0 

Pump 
Raman 

gain 



Pump wavelength is crucial 

Anomalous Normal 

Wavelength D
is

pe
rs

io
n 

ZDW 

Solitons 
Modulation 
instability 

Four-wave 
mixing 

Self-phase  
modulation 

Lead to broadest  
supercontinuum spectra 



Fibers for nonlinear optics 

● Pulse propagation in optical fibers  
–  No diffraction, long interaction length 

 
 

● Dispersion/nonlinearity can be controlled: crucial!  
–  propagation dynamics depend on pump wavelength relative to 

fiber zero dispersion wavelength (ZDW) 

Small core, high doping 
Photonic crystal fibers 
Tapered fibers 
Non-silica materials 
 

“NEW” FIBERS 

Dispersion 
 

nonlinearity 
 

Confinement 

PARAMETER CONTROL APPLICATIONS 

Supercontinuum 
Frequency conversion 
Pulse compression 
Amplification               



Fibers for nonlinear optics 
● Both chemistry and geometry affects the refractive index 

profile  
–  Determine modal confinement (nonlinearity) and dispersion 

characteristics 
–  Wide range of possibilities 

CORE 

CORE 
CORE CORE 

Single Mode  
Fiber 

Highly Nonlinear  
Fiber 

Photonic Crystal  
Fiber 

Taper / Microfiber 

Small area⇒ highly nonlinear 
Large  area  
⇒weakly  
nonlinear 



Photonic crystal fibers 

● Generally single material with a high air-fill fraction 

 
 
●  ZDW displaced to shorter wavelengths (match high-

power short pulse sources) 
●  Large nonlinearity (x100 compared to standard fibers)	


 ⇒ nonlinear effects dramatically enhanced 

δ	

d  

Λ
  

Wavelength (µm) 
D
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n 
(p

s/
nm

/k
m
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Taper/microfibers 

●  Tapering standard fibers: similar properties to photonic 
crystal fibers 

125 µm 

2 µm 
Transition 

1-10 cm 



Dispersion engineering 

Micro/nano- structured waveguides: engineered 
nonlinearity and dispersion  
 
 

● Tune dispersion vs. pump 
   wavelength  
● Light tightly confined !    
   very large intensities! 



Supercontinuum generation is easy 

 Source: fs, ps, ns pulses, CW lasers 

 Fibers: PCFs, HNLF,  DSF, SMF 28 

Pretty much anything works… 
       



Dynamics are rather complex… 

Anomalous 

Short pulses Long pulses 

Normal 

•  Soliton 
•  Dispersive waves 

•  Modulation instability 
•  Solitons dynamics 

•  Self-phase modulation 
•  Four-wave mixing 

•  Raman scattering 
•  Four-wave mixing 

Time evolution Spectral evolution 



Dynamics are rather complex… 

Anomalous 

Short pulses Long pulses 

Normal 

•  Soliton 
•  Dispersive waves 

•  Modulation instability 
•  Solitons dynamics 

•  Self-phase modulation 
•  Four-wave mixing 

•  Raman scattering 
•  Four-wave mixing 

Incoherent 

Time evolution Spectral evolution 



● Good agreement with experimental results 

 

● Success in modeling: physics well-understood 

Modelling supercontinuum 

Simulation Experiment 



Understanding pulse propagation dynamics 

● Numerical (analytical) modelling 
 
 
 

● Visualization 

●  Need to be done properly!  

 



● Generalized nonlinear Schrödinger Equation (GNLSE) 

●  Important considerations 
–  window size (avoid wrapping around) 
–  temporal/spectral resolution  
–  step size (FWM artefacts) 
–  DO NOT use linear Raman model 
–  Disp. coeff. must be changed if you change the pump wavelength 
–  Better to use full β (and not 25th order…) 

 
 

Modeling supercontinuum 



●  30 fs, 10 kW input pulses 

 
● Evolution can be divided in 3 stages 

–  Initial higher-order soliton compression (spectral broadening),  
–  soliton fission and dispersive wave generation 
–  Raman self-frequency shift 

Short pulse regime and anomalous dispersion 

Anomalous pumping 
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● Evolution can be divided in 3 stages 

–  Initial higher-order soliton compression (spectral broadening),  
–  soliton fission and dispersive wave generation 
–  Raman self-frequency shift 

Better in color 
Spectral Evolution             Temporal Evolution  

SOLITON FISSION 
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● Understanding the complex dynamics: study separately the 
different stages 

● Soliton propagation dynamics 
–  Fundamental solitons 
–  Higher-order solitons 
–  Effect of perturbation: higher-order dispersion and Raman scattering 

Deconstructing supercontinuum dynamics 



●  Fundamental soliton are invariant solution of the nonlinear 
Schrödinger equation (chirp from self-phase modulation 
balances chirp from ANOMALOUS dispersion) 

      
  

Fundamental soliton 

( ) 0 00, sech( / )A z T P T T= = ( ) 0 0, sech( / ) j zA z T P T T e= solk

γP0/2 
Soliton number  2

0 0 2/ / | | 1d nlN L L PTγ β= = =
Requirements 

€ 

i∂A
∂z

+
β2
2
∂ 2A
∂T 2

+ γ A 2A = 0

Kerr effect GVD 

Time 

|A|2 

T0 

P0 



●  Fundamental soliton is invariant upon propagation (except 
for a constant nonlinear phase-shift) 

      
  

Fundamental soliton 

Frequency (THz) Time (ps) 

Spectrum evolution Time evolution 

z/
z s

ol
 

z/
z s

ol
 

( ) 0 00, sech( / )A z T P T T= = ( ) 0 0, sech( / ) j zA z T P T T e= solk

γP0/2 
Soliton number  2

0 0 2/ / | | 1d nlN L L PTγ β= = =

dB 

Requirements 



Solitons 

●  First soliton was observed as the “wave of translation” by Russell 
(1834) 

 
 



Solitons 

●  First soliton was observed as the “wave of translation” by Russell 
(1834) 

●  Soliton experience elastic scattering  
 
 
 



Higher-order solitons 

dB 

z/
z s

ol
 

z/
z s

ol
 

● Higher-order soliton is periodic upon propagation  A(z+zsol,T) = 
A(z,T) 

      
( ) 0 00, sech( / )A z T P T T= = 2

sol 0 2/ | |
2 2dz L Tπ π

β= =

Soliton period  2
0 0 2/ / | | 2,3,4...d nlN L L PTγ β= = =

Quantized! 

Frequency (THz) Time (ps) 

Spectrum evolution Time evolution 

Requirements 

N = 2 



Higher-order solitons 

dB 

z/
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● Higher-order soliton is periodic upon propagation  A(z+zsol,T) = 
A(z,T) 

      
( ) 0 00, sech( / )A z T P T T= = 2

sol 0 2/ | |
2 2dz L Tπ π

β= =

Soliton period  2
0 0 2/ / | | 2,3,4...d nlN L L PTγ β= = =

Quantized! 

Frequency (THz) Time (ps) 

Spectrum evolution Time evolution 

Requirements 

N = 3 



Nicer in 3D 

N=1 

N=2 

N=3 

Frequency  
(THz) 

Time  
(ps) 

z/zsol z/zsol 

z/zsol z/zsol 

z/zsol z/zsol 

Frequency  
(THz) 

Time  
(ps) 

Frequency  
(THz) 

Time  
(ps) 



Higher-order solitons 

● Higher-order soliton corresponds to the interference of 
fundamental solitons with different amplitudes (and phase) 

      

N = γP0T0
2 / |β2 | = 3

T0 

P0 

Pj 

Tj 



Perturbations of solitons 

● Solitons (fundamental/higher-order) 
–  Solutions of pure NLS (only GVD and Kerr nonlinearity) 

 

● Higher-order dispersion and Raman scattering perturb 
the evolution of solitons 
–  Soliton self-frequency shift 
–  Dispersive wave generation  
–  Soliton fission 

∂A
∂z

+ i β2
2
∂2A
∂T 2 = iγ A

2 A

∂A
∂z

+ i β2
2
∂2A
∂T 2 −

β3
6
∂3A
∂T 3 +... = iγ (1− fR ) A

2 A+ fRA hR ∗ A
2( )

HOD Raman 

GVD Kerr 



Raman perturbation of soliton 

 
●  Frequency of soliton shifts towards lower frequencies (longer 

wavelengths) with propagation 

Frequency (THz) 
-30 -13.2 0 

Sees gain 

Pump 

ν0	


Mitschke and Mollenauer OL 11, 659 (1986)  Gordon OL 11, 662 (1986)  



Raman perturbation of soliton 

 
●  Frequency of soliton shifts towards lower frequencies (longer 

wavelengths) with propagation 

Frequency (THz) 
-30 -13.2 0 

Sees gain 

Pump 

ν0	


Mitschke and Mollenauer OL 11, 659 (1986)  Gordon OL 11, 662 (1986)  



 
●  Frequency of soliton shifts towards lower frequencies (longer 

wavelengths) with propagation = soliton SELF-frequency shift  
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●  Fundamental solitons are propagation-invariant 

N=1 soliton 
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●  Frequency of soliton shifts towards lower frequencies (longer 
wavelengths) with propagation = soliton SELF-frequency shift 

● Parabolic/linear trajectory in the time/frequency domain 

Soliton self-frequency shift 
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Higher-order dispersion perturbation 
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● Dispersion depends on wavelength/frequency 

● Soliton near ZDW strongly perturbed: part of its spectrum 
extends in the normal dispersion regime! 
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● Dispersive wave located in the normal dispersion regime 
–  phase-matching condition: φsoliton = φdisp. wave 

 

Dispersive wave generation 

Wai, Menyuk et al. OL 11, 464 (1986)  Akhmediev et al., Phys. Rev. A 51, 2602 (1995) 
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Dispersive wave generation 
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● Dispersive wave located in the normal dispersion regime 
–  phase-matching condition: φsoliton = φdisp. wave 

 



Higher-order solitons 

● Higher-order soliton corresponds to the interference of 
fundamental solitons with different amplitudes (and phase) 
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Soliton fission 

● Higher-order N-soliton is unstable, sensitive to perturbations 
  N-soliton breaks up into N fundamental solitons 
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Soliton fission 

● Higher-order N-soliton is unstable, sensitive to perturbations 
  N-soliton breaks up into N fundamental solitons 

1940 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-23, NO. 11,  NOVEMBER 1987 

Fig. 2. Spectra  recorded  after  different  lengths of the  fiber  (a) 6 ,  (b) 12, 
(c) 17, (d) SO, and  (e) IS0 m. The input  spectrum is shown  in  the  lowest 
trace.  The  input  parameters  are: X, = 1.341 pm, 7, = 0.83  ps,  and P, 
= 530 W. The  intensities of the  different  spectra  are  not  to  scale. 

creases  with  increasing  fiber  length:  after  50 m Av is  18.9 
and 21.8  THz  at a  length of 150 m.  We  have  also  mea- 
sured the  spectrum  after  l km of fiber for  the  same  input 
conditions  [see  Fig. 3(aj]. The  Stokes  wavelength  is now 
shifted up  to  1.54  pm ( Av = 28.9  THz ). The energy  con- 
tent of the  Stokes  pulse  is  reduced  between  17  and  50 m 
to approximately  30  percent of the input  energy  and  then 
remains  constant  within  the  experimental  uncertainty.  The 
differential  frequency  shifts d v / d z  are  as  large  as  1.5 
THz/m  after  12 m and  decrease  to  about lop3 THz/m 
after 1 km.  For  long fiber  pieces  (as  long  as  50  m)  we 
observe  the  formation of a  second  and even a  third  Stokes 
band splitting off the  input  frequency  (Fig.  2). Both are 
clearly  visible  at 1 km [see  Fig. 3(aj]. The frequency  shifts 
are  16.4  and 5.8  THz, respectively.  Decreasing  the  input 
power  the  frequency  shifts  are  reduced.  Curves  (b)  and 
(c) in  Fig.  3 show the  spectra  after 1 km for  the  same 
input  conditions  but  decreasing  the  power  coupled  into 
the  fiber  from  530 to 350 W (b)  and  175 W (c).  The  fre- 
quency  shift  decreases  to 25.4  and  16.4  THz, respec- 
tively.  In both  cases  about  44  percent of the input  pulse 
energy  is  converted to  the  Stokes  band. 

On  the  high-frequency  side of the  spectrum  we  observe 
the  generation of weak  anti-Stokes  bands  which  shift to 
higher  frequencies  during  propagation  through  the  fiber 
(Figs.  2  and  3).  The  number of anti-Stokes  bands  coin- 
cides  with  the  number  of  Stokes  bands.  Note,  however, 
that the  center  frequencies of these  anti-Stokes  bands are 
not symmetrical  to  the  Stokes  and  pump  frequencies.  The 
frequency  shifts of the  pronounced  anti-Stokes  bands  are 
17.6,  21.4,  28.4,  33.8,  and  41.3  THz at an input  power 
of 530 W and  fiber  lengths of 12,  17,  50,  150,  and 1000 
m, respectively. We point  out  that in all cases  shown so 
far  the  shift of the  anti-Stokes  band  is  larger  than  the  shift 
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Fig. 3.  Spectra  recorded  after 1 km  fiber  with  input  powers of (a) 530, (b) 
3.50, and (c) 175 W. The  input  pulse  parameters  are  the  same  as in Fig. 
2 

of the  corresponding  Stokes  band.  The  anti-Stokes  band 
contains  between 5  and 10 percent of the total  input en- 
ergy * 

Tuning  the  input  wavelength  down  to or even  below  the 
zero-dispersion  wavelength  we  obtain  similar  results. Fig. 
4 shows  spectra  recorded  after  150 m of  the  same fiber 
with  the  input  wavelength  set  to (a) 1.317, (b) 1.3, and 
(c) 1.28  pm.  In  each  case  the input  pulse  duration is 0.83 
ps and  the  input power  is  530  W. With  the  input  wave- 
length  tuned  to  the  zero  dispersion  wavelength  we  obtain 
a  strong  Stokes  band  containing  about  30  percent of the 
input  energy [Fig. 4(a)]. The  frequency shift is 20.6  THz. 
With  an  input  wavelength of 1.3 p m  Au is  20.4  THz, and 
the  Stokes  pulse  energy  is  reduced  to  18  percent of the 
total  input energy.  In  both  cases  we  observe  the formation 
of a  second  Stokes  band  and  also the  generation  of  the 
weak  anti-Stokes  bands [see  Fig.  4(a)  and (b)]. For  Fig. 
4(a) with X i  = X the  frequencies of the anti-Stokes  and 
the  Stokes band are  symmetrical  to  the  pump.  For hi < 
X. [Fig.  4(b)]  the  shift of the anti-Stokes  band  is  smaller 
than  the  shift of the  Stokes  band.  This  contrasts  strongly 
to  the  case Xi > ho. It is obvious  that  a  longer  length of 
fiber  is  necessary for  the  formation  of  the  Stokes band if 
the  input  wavelength is tuned  down to or below' X o .  For 
X i  at  1.3 17 and 1.3 p m  the  Stokes  band  is first observed 
after 17 and  50 m, respectively.  Finally,  with  an  input 
wavelength of 1.28  pm  we  do not  observe  the  formation 
of a  Stokes  band [Fig.  4(c)]  for  the  fiber  lengths  investi- 
gated (up  to 1 km). The  spectrum  remains  quite  sym- 
metrical  and  is  broadened  to 13.3  nm. 

B. Temporal Evolution 
An interesting  point is the  temporal  evolution of the 

pulse  along the fiber.  Again  the case with X i  = 1.341  pm 
is emphasized.  The  large  width of the  generated  Stokes 
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Fig.  4.  Spectra  recorded  after  150  m  fiber  tuning  the  input  wavelength  from 
(a)  1.317, (b) 1 . 3 ,  to  (c) 1.28 pm.  The input  pulse  duration is 0.83 ps 
and  the  input  peak  power 530 W. 

bands (up  to 7 THz) would  allow  pulse  durations  down 
to approximately 50 fs. With  the  autocorrelation  system 
used  in the  experiment  we  are  able  to  separate  the  appro- 
priate  wavelength  components  after  the  frequency  con- 
version  process.  Fig. 5 shows  the  measured  pulse  dura- 
tions as  a function of the  fiber  length. For the  first 6 m of 
propagation the  pulse  duration remains  approximately 
constant. We  then  observe  a  very  fast  narrowing  down  to 
55 fs (after  12 m),  followed by a  continuous  increase of 
the  pulsewidth to approximately  400  fs  after 1 km. It must 
clearly be understood  however,  that  whereas  the  long 
pulses  in the  initial  stage  (the  first  few  meters)  are  cen- 
tered  at  the  input  frequency,  the short pulses  (fiber  lengths 
longer  than 8 m) belong to the  Stokes-shifted  frequency 
bands  described  above  [compare Figs.  2 and  3(a)].  After 
an  initial  stage of narrowing  therefore,  an  ultrashort  red- 
shifted  pulse  is  formed  which  gradually  increases  its 
wavelength  and  duration  along  the  fiber. Fig. 6 shows  the 
autocorrelation  traces of the  Stokes  pulse  after  (a) 12 and 
(b) 1 km of  fiber. The corresponding  pulse  durations  are 
55 and 410  fs, respectively  (hyperbolic  secant  pulse  shape 
assumed).  Decreasing  the  pump  power  to  350  W ( 175 W )  
the  Stokes  pulse  duration  becomes  395  fs ( 3  10 fs) after 1 
km  of fiber. 

Note  that  in our experiments we have  also  observed  the 
formation  of  a  second  and  even  a  third  Stokes  pulse. As 
shown  in Fig. 3(c)  these  pulses  are  clearly  recognizable 
after 1 km at  a wavelength  of 1.447 and  1.377 pm, re- 
spectively.  After  1 km of  propagation  the  pulses are well 
separated  in  time  (due  to  group  velocity  dispersion)  and 
their  autocorrelation  traces  can be measured  without  dif- 
ficulty.  The  corresponding  pulse  durations are  335  and 
350 fs, respectively.  The  durations of the  Stokes  pulses 
obtained  tuning  the  input  wavelength to  1.3  17 and  1.3  pm 
are  also of the  same  order of magnitude ( 100-300  fs ). All 
the  recorded  autocorrelation  traces are  free of pedestals 
(compare  Fig. 6) and  correspond  closely  to  those  resulting 
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Stokes  pulse  duration  versus  fiber  length.  Input  pulse  parameters: 
7i = 0.83 ps, X ,  = 1.341 pm, and Pi = 530 W. 
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(b) 
Fig. 6. Autocorrelation  traces of the Stokes  pulse  after 12 m  fiber  (a)  and 

after  1  km  (b).  Scale is  (a) 250 fs/div and  (b) 500 fs/div. 

from  a  hyperbolic  secant  pulse  shape.  In  the  next  section 
we will  show  that the parameters of the  Stokes  pulses  cor- 
respond to those  of  a  fundamental  soliton.  In  this  respect 
the  time-bandwidth  product is of interest  because  solitons 
are  bandwidth-limited  pulses.  The  theoretical  value of 6 v  

7 for  sech  pulses  is 0 .3  1 [15].  Indeed 6 v  T is  calculated 
to be  0.32  for  the Stokes  pulses  after  17 m,  but this  value 
increases  continuously to 1.04  increasing  the  fiber  length 
to 1 km (these values  correspond  to  the  measurements 
where X i  = 1.34  1 pm and Pi = 530  W).  The additional 
increase of 6 v  r can be caused  by  the  power  fluctuations 
of the  input  pulse.  Because  of the  strong  dependence of 
the  integrated  frequency  shift on  the  input  power  (see 
Fig., 3),  the  power  fluctuations of the  input  pulse  lead  to 
a  wavelength jitter of  the  Stokes  pulse  and  consequently 
to  a broadening of the measured  spectra.  Calculations 
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● Soliton fission + dispersive wave radiation + soliton self-
frequency shift =  supercontinuum generation 

 

Let’s put everything together 
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● Soliton fission + dispersive wave radiation + soliton self-
frequency shift =  supercontinuum generation 

 

Let’s put everything together 

Wavelength (nm) Time (ps) 

S
pectrum

 (dB
) In

te
ns

ity
 (a

.u
)  

Solitons 

Dispersive 
waves 

Dispersive 
waves Solitons 

dB 

z/
z s

ol
 

z/
z s

ol
 

N = 6 
λp=780 nm 

Fission 



● Continuously redshifting soliton induces a continuous blueshift 
of the dispersive wave 
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Dispersive waves corresponds to visible light 
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And solitons to infrared light 
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Fiber with two zero-dispersion wavelengths 
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Dynamics are rather complex… 

Anomalous 

Short pulses Long pulses 

Normal 

•  Soliton 
•  Dispersive waves 

•  Modulation instability 
•  Solitons dynamics 

•  Self-phase modulation 
•  Four-wave mixing 

•  Raman scattering 
•  Four-wave mixing 

Time evolution Spectral evolution 



● No bright solitons in normal dispersion regime: different 
dynamics 

● Self-phase modulation, four-wave mixing 
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Time-frequency analysis 

● Ultrafast dynamics can be conveniently visualized in the 
time-frequency domain 
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Time-frequency analysis 



Experimental implementation 
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One more thing 

Reference pulse duration 
 determines the resolution!   
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●  Time-spectrum representation allows to conveniently identify 
dynamics 
  
   
     

Spectrogram of supercontinuum 
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●  Time-spectrum representation allows to conveniently identify 
dynamics 
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● Even better: spectrogram movies…. 
  
   
     

Visualizing dynamics 

λp = 820 nm (anomalous) 
N = 8 
T0 = 100 fs 



Visualizing dynamics 

● Even better: spectrogram movies…. 
  
   
     

λp = 650 nm (normal) 
N = 6 
T0 = 100 fs 



Coherence of supercontinuum 
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Spectral Coherence 

30 fs pulse @ 800 nm 
10 kW 
15 cm 

● Spectral coherence: “How spectra differs from shot to shot?” 
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Dudley et al., OL 27, 1180 (2002) 



Coherence of supercontinuum 
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Spectral Coherence 

30 fs pulse @ 800 nm 
10 kW 
15 cm 

● Spectral coherence: “How spectra differs from shot to shot?” 
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Coherence of supercontinuum 

150 fs pulse 
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● BUT supercontinuum is not necessarily coherent!  
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Coherence of supercontinuum 

150 fs pulse 
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● BUT supercontinuum is not necessarily coherent!  
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Imaging, sensing 



Supercontinuum coherence 

Anomalous 

Short pulses Long pulses 

Normal 

•  Soliton 
•  Dispersive waves 

•  Modulation instability 
•  Solitons dynamics 

•  Self-phase modulation 
•  Four-wave mixing 

•  Raman scattering 
•  Four-wave mixing 
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Measuring supercontinuum coherence 
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State-of-the-art 
of giant rogue waves on Earth’s oceans
(see the Quick Study by Chris Garrett
and Johannes Gemmrich in PHYSICS
TODAY, June 2009, page 62).14 In fact, the
propagation of water waves on an ocean
and light waves in a fiber have much in
common: In both systems, waves are dis-
persive, and the speed of an ocean wave,
like that of an optical pulse, can also de-
pend on its amplitude. In the case of light
propagation in a fiber, the noise created
by long input pulses can behave like an
“optical wind” that triggers the emer-
gence of a small number of short- lived
waves, each with extremely large ampli-
tude. The analogy has opened up a new
and extremely active field of research
that uses optical systems to study non -
linear wave shaping; that research has 
already confirmed more than 25 years of
predictions from the hydrodynamics 
literature.15 It is particularly gratifying 
to see how rogue-wave experiments in
optics are motivating water-tank experi-
ments to generate similar waves in the
hydrodynamic environment.16 The new
research field is also fast developing,
since it touches on such issues as turbu-
lence, Bose–Einstein condensation, soft-
condensed-matter physics, and non -
linear acoustics. 

Applications 
Thanks to the ability nowadays to read-
ily engineer dispersion into optical
fibers, it is possible to fabricate optical wave-
guides that can generate a supercontinuum from
a wide range of pump-laser sources. Indeed, laser
sources are disparate enough that the coherent 
radiation available from supercontinuum light
spans a remarkably large range itself—from the UV
(near 200 nm) to the IR (more than 4 µm). Figure 4
presents a survey of the available sources that use
different types of pump lasers, and it shows the
spectral power density and bandwidth that each
source provides. Virtually any laser source can be
used to generate a supercontinuum over some 
bandwidth range—provided the laser is powerful
enough. But only the light generated from femto -
second pulses possesses the high stability required
for the most demanding applications in frequency
metrology. Nonetheless, even unstable spectra find
many applications, such as imaging and spec-
troscopy, in which time- averaged measurements
are important.

It’s hard to overestimate the impact that new
developments in optical fibers have on the field.17

Before the nonlinearity and  dispersion- engineering
possibilities of fiber were fully recognized in the
1990s, producing a supercontinuum was an expen-
sive prospect; it took complex lasers and large lab-
oratory facilities. But thanks to advances in fibers
and available pump sources, such bright, broad-
band light is now an affordable, compact technol-
ogy that’s generally about the size of a shoebox.

Supercontinuum sources are finding commer-
cial success in virtually all areas for which tradi-
tional lamps or LED sources had been standard. In
confocal microscopy, for example, a broad band-
width makes it straightforward to filter the output
light so that it perfectly matches the excitation wave-
length of a fluorophore, the imaging dye in tissue or
cells. The sources have also found applications in
stimulated-emission-depletion microscopy,18 which
images at a resolution below the diffraction limit.
The technique uses two different wavelengths to 
essentially inhibit fluorescence in a specific region
of the sample and activate fluorescence in a sub-
 diffraction-limit focal spot within that region. Still
other novel applications exist in biomedical diag-
nostics. As spectroscopic tools, a supercontinuum’s
broad bandwidth and local frequency precision
make it ideal as an ultrasensitive (parts per billion)
probe of, among other things, specific gas-phase
molecules in a patient’s breath.

In one of its more surprising applications, fre-
quency-comb technology (outlined in the box on
page 31) has improved by as much as two orders of
magnitude the stability and accuracy of wavelength
calibration in astrophysical spectrographs.9 Such
“astro-combs” represent a major advance in the res-
olution of astrophysical Doppler shifts, a technique
for resolving the presence of exoplanets in orbit
about a star. The technique is a remarkable example
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Figure 4. A survey of available supercontinuum sources, each plotted as a
bar whose width spans its range of wavelengths and whose color indicates the
pulse duration of the pump laser that produced it. The material and wave-
length of the pump laser used to generate each source is also color coded. 
Ytterbium, erbium, and thulium are fiber-laser materials, whereas frequency-
doubled, frequency-tripled, or neodymium-doped yttrium aluminum garnet
(YAG) and titanium-doped sapphire (Ti:sapphire) are solid-state-laser materials.
All the data from pump sources below 1600 nm were obtained from  silica-
 based fiber as the supercontinuum-generating medium.
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State-of-the-art 
of giant rogue waves on Earth’s oceans
(see the Quick Study by Chris Garrett
and Johannes Gemmrich in PHYSICS
TODAY, June 2009, page 62).14 In fact, the
propagation of water waves on an ocean
and light waves in a fiber have much in
common: In both systems, waves are dis-
persive, and the speed of an ocean wave,
like that of an optical pulse, can also de-
pend on its amplitude. In the case of light
propagation in a fiber, the noise created
by long input pulses can behave like an
“optical wind” that triggers the emer-
gence of a small number of short- lived
waves, each with extremely large ampli-
tude. The analogy has opened up a new
and extremely active field of research
that uses optical systems to study non -
linear wave shaping; that research has 
already confirmed more than 25 years of
predictions from the hydrodynamics 
literature.15 It is particularly gratifying 
to see how rogue-wave experiments in
optics are motivating water-tank experi-
ments to generate similar waves in the
hydrodynamic environment.16 The new
research field is also fast developing,
since it touches on such issues as turbu-
lence, Bose–Einstein condensation, soft-
condensed-matter physics, and non -
linear acoustics. 

Applications 
Thanks to the ability nowadays to read-
ily engineer dispersion into optical
fibers, it is possible to fabricate optical wave-
guides that can generate a supercontinuum from
a wide range of pump-laser sources. Indeed, laser
sources are disparate enough that the coherent 
radiation available from supercontinuum light
spans a remarkably large range itself—from the UV
(near 200 nm) to the IR (more than 4 µm). Figure 4
presents a survey of the available sources that use
different types of pump lasers, and it shows the
spectral power density and bandwidth that each
source provides. Virtually any laser source can be
used to generate a supercontinuum over some 
bandwidth range—provided the laser is powerful
enough. But only the light generated from femto -
second pulses possesses the high stability required
for the most demanding applications in frequency
metrology. Nonetheless, even unstable spectra find
many applications, such as imaging and spec-
troscopy, in which time- averaged measurements
are important.

It’s hard to overestimate the impact that new
developments in optical fibers have on the field.17

Before the nonlinearity and  dispersion- engineering
possibilities of fiber were fully recognized in the
1990s, producing a supercontinuum was an expen-
sive prospect; it took complex lasers and large lab-
oratory facilities. But thanks to advances in fibers
and available pump sources, such bright, broad-
band light is now an affordable, compact technol-
ogy that’s generally about the size of a shoebox.

Supercontinuum sources are finding commer-
cial success in virtually all areas for which tradi-
tional lamps or LED sources had been standard. In
confocal microscopy, for example, a broad band-
width makes it straightforward to filter the output
light so that it perfectly matches the excitation wave-
length of a fluorophore, the imaging dye in tissue or
cells. The sources have also found applications in
stimulated-emission-depletion microscopy,18 which
images at a resolution below the diffraction limit.
The technique uses two different wavelengths to 
essentially inhibit fluorescence in a specific region
of the sample and activate fluorescence in a sub-
 diffraction-limit focal spot within that region. Still
other novel applications exist in biomedical diag-
nostics. As spectroscopic tools, a supercontinuum’s
broad bandwidth and local frequency precision
make it ideal as an ultrasensitive (parts per billion)
probe of, among other things, specific gas-phase
molecules in a patient’s breath.

In one of its more surprising applications, fre-
quency-comb technology (outlined in the box on
page 31) has improved by as much as two orders of
magnitude the stability and accuracy of wavelength
calibration in astrophysical spectrographs.9 Such
“astro-combs” represent a major advance in the res-
olution of astrophysical Doppler shifts, a technique
for resolving the presence of exoplanets in orbit
about a star. The technique is a remarkable example
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Figure 4. A survey of available supercontinuum sources, each plotted as a
bar whose width spans its range of wavelengths and whose color indicates the
pulse duration of the pump laser that produced it. The material and wave-
length of the pump laser used to generate each source is also color coded. 
Ytterbium, erbium, and thulium are fiber-laser materials, whereas frequency-
doubled, frequency-tripled, or neodymium-doped yttrium aluminum garnet
(YAG) and titanium-doped sapphire (Ti:sapphire) are solid-state-laser materials.
All the data from pump sources below 1600 nm were obtained from  silica-
 based fiber as the supercontinuum-generating medium.
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UV mid-IR 



●  Use of materials with low losses in the mid-IR 

Extension to the mid-IR 

Fluoride (ZBLAN) fibers 

Swiderski et al. Opt. Express 21, 7851 
(2013)  

Xia et al. Opt. Express 15, 865 (2007)  

Material ZDW 1.6 microns 
n2 =  n2

silica 

Pp = 3 kW, Pav = 1.3 W 
L = 9.5 m 

Pp = 29 kW, Pav = 0.4 W 
L = 20 m 



Extension to the mid-IR 

Fluoroindate fibers 
Pp = 1.7 MW 
L = 9.5 m Theberge et al., OL 38, 4683 (2013)  



Extension to the mid-IR 

Tellurite fibers (PCFs) Material ZDW 2.2 microns 
n2=  n2

silicax10-20 

Savelii et al. Opt. Express 20, 27083 (2012)  

●  Enhanced nonlinearity 



Extension to the mid-IR 

Savelii et al. Opt. Express 20, 27083 
(2012)  

●  Enhanced nonlinearity 

Pp = 7 kW, Pav = 112 mW 
L = 2 cm 

Tellurite fibers (PCFs) Material ZDW 2.2 microns 
n2=  n2

silicax10-20 



Extension to the mid-IR 

Sulfide/Chalcogenide fibers Material ZDW 5 microns 
n2=  n2

silicax100 

●  Enhanced nonlinearity 

Pp = 5 kW, Pav = 80 mW 
L = 2 cm 

anomalous at a taper diameter of !1.2 !m, and re-
mains anomalous until the diameter becomes less
than 0.4 !m, as shown in Fig. 1(a). At these subwave-
length taper diameters, the waveguide mode experi-
ences strong confinement due to large index contrast
between air and As2Se3 ""n!1.7#. This allows for
very small effective mode areas and, when combined
with its large n2 values of 1.1#10−17 m2/W, results
in an extremely high nonlinearity $.

We fabricate the As2Se3 fiber tapers using a modi-
fied version of the standard flame brushing technique
[14]. The multimoded As2Se3 fiber (core–cladding di-
ameter 7.7/170 !m, NA!0.2) is first tapered to a
75 !m cladding diameter, which is then single-
moded. The uniform, single-moded section is then
cleaved and connected to silica fibers by UV-cured ep-
oxy, and further tapered to submicrometer width
while the transmitted power through the sample is
monitored. Using this process, we obtained an As2Se3
submicrometer taper with a total taper length of
!220 mm, including a 30 mm long submicrometer
section and a tapering loss of about !−4 dB. Figure
1(b) shows the scanning electron microscope image of
the fabricated As2Se3 taper waist, clearly indicating
submicrometer diameter (minimum of 0.95 !m) at its
waist section.

Figure 2 shows the schematic of the experimental
setup for investigating supercontinuum generation in
the As2Se3 tapers. To generate efficient SC, a pulse
duration of 250 fs full width at half-maximum
(FWHM) is selected, which is the optimal value
for our submicrometer taper waist "0.95 !m#. This
will result in a proper soliton number
N"="LD /LN#1/2 :5–10# at a small peak power
"%10 W# as well as a soliton fission length "=LD /N#
less than the sample length, where LD and LN are
dispersion and nonlinear length, respectively [1]. To
obtain the short pulse FWHM, we implemented a
compression scheme after a transform-limited mode-
locked fiber laser whose measured FWHM and rep-
etition rate are 1.2 ps and 9 MHz, respectively, at a
center wavelength of 1550 nm. The pulses are also
engineered to be slightly prechirped in such a way
that they become optimally compressed by the time
they reach the waist of the taper. This prechirping is
desirable because of the strong normal dispersion in
the transition regions of the chalcogenide taper. The
pulse peak power and state of polarization of incident
light are adjusted by a variable optical attenuator

(VOA) and polarization controller (PC), respectively.
The spectral properties after the sample are moni-
tored using an optical spectrum analyzer (OSA).

Figure 3 presents the measured output spectra as
a function of incident power into a submicrometer
As2Se3 taper. The peak power at the taper waist sec-
tion is estimated from the tapering loss and the av-
erage incident power. The spectral broadening ob-
served at peak powers below 1.5 W is predominantly
caused by self-phase modulation. As the peak power
is increased, we observe a significant increase in the
spectral broadening, which is attributed to the SC
process. In particular, the generation and develop-
ment of nonsolitonic radiation at the shorter wave-
length is clearly seen from a peak power of 3.8 W.
This is due to the phase matching of the soliton
pulses with linear dispersive waves [17], discussed
further below. The spectral bandwidth calculated
from the intersection of the noise level is more than
500 nm when we increase the peak power up to
!7.8 W, corresponding to pulse energies of !2.2 pJ.

Numerical results based on the split-step Fourier
method [18] are compared with the experimental re-
sults in Figs. 4(a) and 4(b). The simulation includes
the TPA and Raman effects of As2Se3 glass where the
value of 2.5#10−12 m/W is used as a nonlinear ab-
sorption coefficient & [13]. Our simulation incorpo-
rates the whole taper structure with a length of
220 mm including a 30 mm long centered taper waist
by gradually varying the nonlinear and dispersion
parameters depending on taper diameter. For ex-
ample, the effective area Aeff and dispersions &2, &3,
and &4 are 0.4773 !m2, −360 ps2/km, 3.85 ps3/km,
and −0.01 ps4/km at 1 !m taper diameter. In the
taper waist, an axial variation of the diameter

Fig. 3. (Color online) Measured transmission spectra of
As2Se3 taper for different incident peak power into taper
waist.

Fig. 1. (Color online) (a) Calculated dispersion profile in
As2Se3 wire, (b) SEM scan of fabricated As2Se3 taper waist.

Fig. 2. (Color online) Schematic for nonlinear experiment
to investigate supercontinuum generation in As2Se3 submi-
crometer tapers.
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Pp = 8 W, Pav = 80 µW 
L = 3 cm 

Yeom et al. OL 33, 660 (2008)  Mouawad et al. OL 39, 2685 (2014)  



Emerging structures for 
supercontinuum generation 

fiber, including clear UV dispersive-wave emission at 230nm,
even though they have very different physical parameters.

To illustrate the (as-yetunexplored)degree towhich this sys-
tem may be extended in both wavelength and UV energy,
Figs. 12(c) and 12(d) show the temporal and spectral evolution

of a10 fs pulsewith20 μJ energypropagating in a50 μmkagomé
PCF filled with 10bar He (corresponding to λ0 ¼ 380nm,
N ¼ 3). After the characteristic pulse self-compression at
around 5 cm, a UV dispersive wave at 150nm is emitted, con-
taining over 3:5 μJ (17.5% of pump energy). Such high energies
in thevacuum-UVregion, coupledwith the inherentwavelength
tunability of this system, should lead to numerous applications
(Subsection 5.C).

B. Efficiency of Deep-UV Generation
The efficiency of dispersive-wave generation depends
strongly on the spectral power density of the compressed
pulse at the phase-matched frequency. Tight temporal self-
compression is therefore critical (see Subsection 4.B) if the
initial pump spectrum is to broaden far into the UV. In [49]
it was found that in the kagomé PCF system, self-steepening
and optical shock formation [83], which asymmetrically en-
hance the blue edge of an SPM broadened spectrum, were
the keys to enhancing this process.

What effect does the input pulse duration have? In Fig. 13(a)
we see that>15% conversion efficiencies to theUV (fraction of
total power at wavelengths shorter than 350nm) are possible
regardless of pulse duration and for a wide range of pump en-
ergies. We quantify the quality of the UV emission with the fac-
tor QUV ¼ PFWHM=PUV, where PFWHM is the spectral power
within the FWHM of the strongest UV peak and PUV is the total
spectral power in theUV region. Figure 13(b) shows thatQUV is
strongly dependent on the pump pulse duration. For 15 fs, over
90% of the UV power is in the main UV peak for a wide range of
pump parameters, compared to less than 30% for a 120 fs pulse.
This is clearly evident in Fig. 13(c), which shows the spectral
evolution of 15, 30, 60, and 90 fs pulses along the fiber for a nor-
malized soliton order of S ¼ N=τFWHM ¼ 0:26 (N ¼ 7:8 for 30 fs
pulse duration). For the 15 fs pulse, a high-quality UV band
emerges approximately at the soliton fission length [Eq. (6)].
For the 30 fs pump, theUVband is still of relatively high quality,
but at 60 fs, it degrades considerably, and at 120 fs, evidence of

Fig. 12. (Color online) (a), (b) Spectral evolution of two systems,
both with λ0 ¼ 563nm and N ¼ 7:5, over two fission lengths
[Eq. (5)]: (a) a 50nJ, 30 fs pulse through 0:68 cm of 6 μm diameter
kagomé PCF filled with 38bar Xe and (b) 10 μJ 30 fs pulse through
68 cm of 60 μm diameter fiber filled with 36bar He. (c), (d) Temporal
and spectral evolution of a 10 fs pulse with 20 μJ energy propagating in
a 50 μm kagomé PCF with 10 bar He (corresponding to λ0 ¼ 380nm,
N ¼ 3).

Fig. 13. (Color online) Dependence of UV generation on pulse duration (15, 30, 60, and 120 fs) and soliton order for a fiber with λ0 ¼ 600nm
(kagomé PCF with 30 μm core filled with 9:8 bar Ar): (a) UV conversion efficiency (to wavelengths shorter than 350nm) as a function of normalized
soliton order S ¼ N=τFWHM, corresponding to N ¼ 3 to 9 for a 30 fs pulse; (b) quality factor of UV conversion as defined in the text for the same
parameters as (a); (c) spectral evolution along the fiber for each of the pulse durations at S ¼ 0:26; and (d) spectral slices at the position of optimum
UV conversion for each of the pulse durations.
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related to ‘anti-resonant reflection optical waveguiding’, which has 
been studied in planar geometries16. In some cases, remarkably 
low attenuation can be achieved; a recent example is a silica-based 
HC-PCF with one row of cladding channels that exhibits a loss of 
only 34 dB km−1 at a wavelength of 3,050 nm (ref. 17).

As we shall see, both PBGs and kagome HC-PCFs are useful in 
nonlinear experiments with gases.

Dispersion, nonlinearity and damage in hollow fibres
The use of noble-gas-filled glass fibre capillaries for spectral broad-
ening of high-energy (~1 mJ scale) ultrashort pulses is well estab-
lished, with applications in attosecond science18–21. For acceptable 
transmission losses, the bore must be large (typically 200  μm in 
diameter), making it highly multimodal. Careful alignment, 

however, makes it possible to excite only the fundamental mode, 
and up-tapering the launch end can make it easier to launch very 
high energies22. The group-velocity dispersion in such capillaries 
is weakly anomalous (about −0.015 ps2 km−1 at 800 nm for a bore 
diameter of 200 μm) with a shallow dispersion slope, whereas the 
gas has normal dispersion (Ar yields ~0.6 ps2 km−1 at 800 nm), so 
that once any reasonable pressure (necessary for realizing usable 
levels of nonlinearity) is reached, the dispersion becomes normal 
in the visible and near-infrared spectral ranges. This restricts the 
degree to which dispersion (in particular, its sign and the position of 
the zero-dispersion points) can be controlled; such control is vital in 
many types of interactions, including supercontinuum generation, 
soliton-effect pulse compression, self-phase modulation (SPM) and 
four-wave mixing23–25.

Kagome PCFs also offer anomalous dispersion (−0.5  ps2  km−1 
at 800 nm for a core diameter of 30 μm) and a shallow dispersion 
slope, similar to that of a glass capillary of the same bore diameter, 
but with the advantage of having a much lower transmission loss13,26. 
In contrast, the dispersion of a hollow-core PBG PCF switches from 
anomalous to normal, with a steep wavelength dependence, when 
one crosses the narrow guidance band from longer to shorter wave-
lengths (this is the result of tighter mode confinement, greater over-
lap between the light and the glass, and a smaller core)27.

Marcatili and Schmeltzer’s analysis11 (published in 1964) can be 
used to show that the modal refractive index for the linearly polarized 
LP01 mode in a kagome PCF can be represented to good accuracy by28 

(3)n01(λ,p,T) =  n2
gas (λ,p,T)– ~–  1 + δ(λ) – 

4π2a2 2ρ0 8π2a2

λ2z2
01 ρ(p,T) λ2z2

01

where λ is the vacuum wavelength, ngas is the refractive index of the 
filling gas, δ(λ) is the Sellmeier expansion for the gas under considera-
tion, ρ is the gas density at pressure p and temperature T, and ρ0 is the 
reference density (usually evaluated for an ideal gas at standard pres-
sure p0 and temperature T0 using the expression ρ/ρ0 = pT0/p0T). The 
group-velocity dispersion β2 of the LP01 mode in a kagome PCF (core 
diameter, 26 μm) is plotted in Fig. 1c for four different noble gases at 
a pressure of 30 bar using published data29 (note that in ref. 29, the 
C1 coefficient for Xe should be 12,750, not 12.75). Notably, anoma-
lous dispersion is possible in the visible and near-infrared regions 
at usable levels of nonlinearity — something that is impossible to 
achieve in bulk gases or large-bore capillaries (as discussed above). 
The small magnitude and relatively weak wavelength dependence 
of β2 (compared with those of a hollow-core PBG-PCF) are criti-
cal for realizing soliton self-compression (as discussed below). The 
wide pressure tunability of the zero-dispersion wavelength (ZDW) is 
shown in Fig. 1d. Additional flexibility can be achieved by introduc-
ing pressure gradients along the fibre. It should also be borne in mind 
that higher-order dispersion, enhanced Kerr nonlinearities and two-
photon absorption can become important when operating close to 
electronic transitions in the deep- or vacuum-ultraviolet region30,31.

Numerical analysis using finite-element methods reveals that only 
a very small fraction (~0.01%) of the light is guided in the glass in 
a kagome PCF; most of the light is confined to the hollow core and 
cladding channels. This results in a lower risk of optical damage com-
pared to capillaries, enabling experiments to be performed in extreme 
regimes such as using deep-ultraviolet light and high intensities.

Ultrafast pulse dynamics
Although it was reported a decade ago that air-filled HC-PCFs offer 
the possibility of realizing soliton propagation at very high peak pow-
ers32 and soliton pulse compression has been demonstrated in Xe-filled 
PBG-PCF33, the realization that the dispersion of a gas-filled kagome 
PCF can be widely pressure tuned, and — most importantly — can 
exhibit a smooth and broadband anomalous dispersion region has 
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Figure 1 | Properties of kagome-style HC-PCF. a, Electron micrograph of 
a typical kagome PCF. b, Optical micrograph of the end face of a kagome 
PCF guiding white light. c, Group-velocity dispersion (calculated using 
equation (3)) as a function of wavelength for different gases in a kagome 
PCF with a core diameter of 26 μm at a pressure of 30 bar. d, Zero-dispersion 
wavelength (ZDW) as a function of pressure for different gases (core 
diameter, 26 μm). The group-velocity dispersion is anomalous for wavelengths 
greater than the ZDW. The kink on the Xe curve is caused by a rapid increase 
in the density, as a result of entering the supercritical regime close to the 
critical point (data in c and d from refs 29 and 93).
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MI can be observed—the UV band developing a considerably
fine structure, as is visible in the spectral slices in Fig. 13(d).
The reason for this quality degradation is the reduced quality
factor of the pulse self-compression for high values ofN . Pulse
durations of∼30 fs or shorter are necessary for obtaining high-
quality UV spectra at high conversion efficiencies. High-quality
conversion is possiblewithmuch longer pulses ifwe reduce the
peak power but with significantly lower efficiency. A viable ap-
proach for the efficient generation of high-quality UV light from
longer pump pulses would be to make use of the fiber-grating/
mirror compression system proposed in Subsection 4.A, with
the UV system as a third stage.

The emitted UV light can be a few optical cycles at the point
of generation, but it propagates in a region of normal disper-
sion, resulting in group velocity broadening. The relatively flat
and simple dispersion properties of the kagomé PCF should,
however, make it straightforward to externally compress the
chirped UV pulses at the output of the fiber. Compression
may even be achievable by propagation through an evacuated
kagomé PCF, which has anomalous dispersion at all wave-
lengths.

C. Applicability of UV Source
These results suggest that an ultrafast coherent light source
could be constructed that tunes continuously from 500 to
150 nm.Whether a further extension deeper into the UV is pos-
sible is an open question. Phase matching could be achieved
to well below 150nm if the pump wavelength is shifted to
400 nm. But nonlinear absorption and two-photon resonances
will disrupt the process at certain wavelengths that depend on
the filling gas (in the vacuum-UV for noble gases such as Ar
and He). Furthermore, ionization becomes increasingly dis-
ruptive to phase-matching at shorter wavelengths [45].

The fact that the same tunable UV emission dynamics can
be achieved with both ∼100nJ and ∼10 μJ pulses, with similar
efficiencies, promises wide applicability of this technique.
Energies of >100nJ are available from high-repetition-rate
chirped oscillators [84] and ultrafast fiber lasers [85], enabling
highly compact UV sources operating at repetition rates sui-
table for creating deep-UV frequency combs—with numerous
applications in spectroscopy. Alternatively, the use of the
∼10 μJ pumped system should enable the generation of deep-
UV pulses with energies in excess of 1 μJ. Such a simple and
compact source of spatially coherent, ultrafast deep-UV light
has a wide range of potential applications, including femto-
chemistry [86] and UV-resonant Raman spectroscopy [87].

Another promising application is the seeding of free-
electron lasers (FELs) [88], which have the major advantage
over traditional laser systems of providing gain over the entire
electromagnetic spectrum [89]. When seeded, the temporal
coherence of the light emitted by an FEL is greatly improved
and pulse-to-pulse energy fluctuations are reduced. Conven-
tional lasers have been used to seed FELs in the visible and
near IR, but practical seed lasers are unavailable in the UV.
Instead, UV seed light has been generated in nonlinear crystals
or by HHG in noble gases (see Section 7) [90]. Recent numer-
ical simulations, using the kagomé-based UV source described
above as the seed in a single-pass FEL, show that the energy
available at 300nm is sufficient to achieve saturation (i.e., ex-
haust the exponential FEL gain) [88].

D. UV Supercontinuum Generation
Raising the soliton order to N ∼ 245 by launching, e.g., 10 μJ
600 fs pulses moves the system well into the regime of MI,
where smooth and broad (although temporally incoherent)
supercontinuum generation can be expected [15,91]. To illus-
trate this, Fig. 14 shows propagation of such a long pulse in a
kagomé PCF with λ0 ¼ 750nm (25 bar Ar, 30 μm core diam-
eter). Figure 14(a) shows the temporal evolution of one shot,
and Fig. 14(b) shows the spectral evolution of an ensemble
average of 30 simulations (in the MI regime, each laser shot
produces a different spectrum, modeled by including quantum
noise and averaging over multiple shots). In the temporal pic-
ture, the splitting of the input pulse into a large number of
ultrashort solitons, that subsequently undergo multiple colli-
sions, can be clearly observed. In the spectral domain, this
leads to a smooth and flat, high-energy supercontinuum span-
ning the range from 350 to 1500 nm. Note that in the absence
of Raman scattering, the MI supercontinuum shows a blue-
enhanced asymmetry, in contrast to what is seen in glass-core
fibers.

The unique opportunity to tune the ZDW in kagomé PCF
into the UV enables us to shift these dynamics to shorter
wavelengths. For example, if we pump with the same param-
eters as above, but at 400nm in a fiber designed for zero dis-
persion at 350 nm (8:8 bar Ar, 10 μm core diameter), we obtain
a very flat and smooth, MI-based, high-energy superconti-
nuum extending from 140–1000nm [Figs. 14(c) and 14(d)];
experimental realization of such a system would provide a un-
ique source for metrology and spectroscopy.

Fig. 14. (Color online) (a), (b) Propagation of an N ∼ 245 (600 fs,
10 μJ) pulse at 800nm in a kagomé PCF with λ0 ¼ 750nm (30 μm core
diameter filled with 25bar Ar): (a) temporal evolution of one shot and
(b) spectral evolution of an ensemble average of 30 simulations. (c),
(d) Propagation of an N ∼ 429 (600 fs, 10 μJ) pulse at 400nm in a ka-
gomé PCF with λ0 ¼ 350nm (10 μm core diameter filled with 8:8 bar
Ar): (c) temporal evolution of one shot and (d) spectral evolution of an
ensemble average of 30 simulations.
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We report on the spectral broadening of !1 !J 30 fs pulses propagating in an Ar-filled hollow-core

photonic crystal fiber. In contrast with supercontinuum generation in a solid-core photonic crystal fiber,

the absence of Raman and unique pressure-controlled dispersion results in efficient emission of dispersive

waves in the deep-UV region. The UV light emerges in the single-lobed fundamental mode and is tunable

from 200 to 320 nm by varying the pulse energy and gas pressure. The setup is extremely simple,

involving <1 m of a gas-filled photonic crystal fiber, and the UV signal is stable and bright, with

experimental IR to deep-UV conversion efficiencies as high as 8%. The source is of immediate interest in

applications demanding high spatial coherence, such as laser lithography or confocal microscopy.
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Photonic crystal fiber (PCF) provides a means of elim-
inating the diffraction of laser light in gases while offering
precise control of group velocity dispersion and long low-
loss interaction paths [1]. Filled with H2, for example, it is
highly effective in Raman wavelength conversion [2–4].
When a noble gas such as Ar is used, there is no Raman
response, making it possible to study third-order Kerr
nonlinearities in a system that has all the advantages of a
conventional single-mode optical fiber while offering (in
the case of a kagome-lattice hollow-core PCF) pressure-
tunable dispersion and nonlinearity [Fig. 1(a)] [5–7].
Further significant advantages include the UV transpar-
ency of the gas-filled core and its very low susceptibility
to optical damage and solarization.

Here we report the efficient generation of ultrashort
tunable UV pulses in an Ar-filled hollow-core photonic
crystal fiber, through a favorable sequence of linear
and nonlinear effects—low pressure-tunable dispersion,
pulse compression due to a combination of self-phase-
modulation and anomalous dispersion, self-steepening,
and dispersive wave generation. A Ti:sapphire laser
(30 fs, 800 nm) was used as the pump, pulse energies in
the 1 !J range being sufficient to produce a band of UV
light with a central wavelength that is conveniently tunable
from 200 to 320 nm by varying the Ar pressure or the pulse
energy. The UV light emerges in a near-diffraction-limited
spot with conversion efficiencies up to 8% and is generated
over only a few centimeters of propagation. The setup is
remarkably simple, involving a 20 cm length of gas-filled
PCF, and the UV light is bright and stable with time. We
believe that this unique source of wavelength-tunable ul-
trashort UV pulses at !J pump pulse energies is likely to
find immediate use in applications demanding high spatial
coherence, such as laser lithography or confocal micros-
copy. It may also be useful in femtochemistry [8], photo-
biology [9], and UV-resonant Raman scattering [10].

A broadband-guiding kagome-lattice hollow-core PCF
was used in the experiments. The cladding had 250 nm
thick glass nanowebs, an interhole spacing of 13:4 !m,
and a core diameter of 29:6 !m. The measured transmis-
sion losses for the fundamental mode were 1:1 dB=m at the
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Fibers with all-normal dispersion 

●  Fibers with normal dispersion at all wavelengths: ANDI 

●  Allows for high coherence and stability, flat spectra 

●  Can reach octave-spanning 
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Abstract: We present the first detailed demonstrations of octave-spanning 
SC generation in all-normal dispersion photonic crystal fibers (ANDi PCF) 
in the visible and near-infrared spectral regions. The resulting spectral 
profiles are extremely flat without significant fine structure and with 
excellent stability and coherence properties. The key benefit of SC 
generation in ANDi PCF is the conservation of a single ultrashort pulse in 
the time domain with smooth and recompressible phase distribution. For the 
first time we confirm the exceptional temporal properties of the generated 
SC pulses experimentally and demonstrate their applicability in ultrafast 
transient absorption spectroscopy. The experimental results are in excellent 
agreement with numerical simulations, which are used to illustrate the SC 
generation dynamics by self-phase modulation and optical wave breaking. 
To our knowledge, we present the broadest spectra generated in the normal 
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On-chip supercontinuum 

Figure 2 schematically shows the setup used in our ex-
periments. An optical parametric oscillator (OPO) pro-
duces light pulses near 1300 nm with a duration of
approximately 200 fs at a repetition rate of 80 MHz, which
are free-space coupled into the chip using an aspheric
lens. Neutral density filters are used to control the pulse
energy, and the polarization is set to the quasi-TE (hor-
izontal) state with a half-wave plate and a polarizer. The
output from the waveguide is collected with a lensed fi-
ber and sent to an optical spectrum analyzer (OSA). The
coupling loss from the lens to the waveguide is −8.3 dB,
and the waveguide propagation losses are measured to
be 0.8 dB∕cm. The silicon nitride waveguide used for
SCG has an effective nonlinearity of γ ! 1.2 W−1 m−1

and a length of 4.3 cm.
To record the entire SCG spectrum,weutilize twoOSAs

with spectral ranges 600–1700 nm and 1200–2400 nm in
combination with appropriate long-pass filters to avoid
higher order diffraction effects. Figure 3 shows the experi-
mental spectra we obtain for different pulse energies. At
the lowest pulse energy (2.8 pJ), the spectrum experi-
ences minimal broadening, and the shape of the input
spectrum is preserved. The initial spectral broadening
up to pulse energies of 19 pJ is mainly attributed to
self-phase modulation (SPM). At 33 pJ, a prominent peak
at 1800 nm appears, indicating dispersive wave genera-
tion. As the input pulse energy is further increased, we ob-
serve the feature shift to longer wavelengths (see line “B”
in Fig. 3). A second distinct peak around 710 nm becomes
visible with pulse energies of 58 pJ. This feature is spec-
trally narrow compared to the peak at 1800 nm, and, as
indicated with line “A,” does not experience frequency
shifting. This second dispersive wave is visible to the
eye as a red glow in the waveguide (see Fig. 2). As the
power is further increased, the dispersive wave at the
longerwavelength is further red-shifted, and the spectrum
becomes flatter as a result of new intermediate frequency
components being generated. At the maximum available
pulse energy of 160 pJ, the supercontinuum extends over
1.6 octaves from 665 nm to 2025 nm at −30 dB, and over
1435 nm when measured from the noise level. Slight mis-
alignment of the lensed fiber for output coupling at the
highest pulse energy reduces the total measured power,
but does not change the shape of the spectrum, thereby
confirming that no spectral broadening is taking place in-
side the collection fiber. While this generated spectrum is
not completely flat, the wavelength regimes about the

710 nm and 1420 nm bands would be suitable for f -to-2f
interferometry.

We model the SCG using the generalized nonlinear en-
velope equation (GNEE) [20] including the effects of pro-
pagation loss, GVD to all orders, SPM, third-harmonic
generation, and self-steepening. The contributions from
the Raman effect are not included. These simulations
are carried out using the silicon nitride waveguide char-
acteristics with no free parameters. The spectral evolu-
tion of the generated supercontinuum as a function of
input pulse energy is shown in Fig. 4. The simulated evo-
lution predicts the short and long-wavelength dispersive
features that are observed in the experimental spectra
(labeled A and B in the figure). The circles in Fig. 4 in-
dicate the experimentally measured peak wavelengths of
the generated spectral features. The dashed lines show
the predicted wavelength of phase-matching for the
dispersive waves based on Eq. (2) from [21], including
the increased peak power resulting from soliton-effect
pulse compression prior to the dispersive wave genera-
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Fig. 2. (Color online) Setup for SCG with integrated silicon
nitride waveguides. The enlarged section shows the coupling
setup, in which part of the generated spectrum is visible as
red radiation from the waveguide.
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We demonstrate supercontinuum generation spanning 1.6 octaves in silicon nitride waveguides. Using a 4.3 cm-
long waveguide, with an effective nonlinearity of γ ! 1.2 W−1 m−1, we generate a spectrum extending from 665 nm to
2025 nm (at −30 dB) with 160 pJ pulses. Our results offer potential for a robust, integrated, and low-cost supercon-
tinuum source for applications including frequency metrology, optical coherence tomography, confocal micro-
scopy, and optical communications. © 2012 Optical Society of America
OCIS codes: 190.4390, 320.7110, 320.6629, 230.7370.

Supercontinuum generation (SCG) in photonic crystal
fibers, as first demonstrated in [1], has enabled key
advances in spectroscopy [2], optical coherence tomogra-
phy [3], pulse compression [4], and frequency metrology
[5]. In particular, generation of an octave-spanning super-
continuum is crucial for the self-stabilization of optical
frequency combs using f -to-2f interferometry, which en-
ables precision measurement of absolute optical frequen-
cies [6]. While microstructured fibers continue to be
efficient for SCG [7–9], the use of an integrated photonics
chip for this purpose is attracting significant attention
since it provides the first step towards integrated solu-
tions and has the potential for high-volume, low-cost
fabrication, especially if the platform is complementary
metal-oxide-semiconductor (CMOS) compatible. Several
materials have been proposed for integrated SCG.Chalco-
genide waveguides exhibit a large effective nonlinearity
(γ ∼ 10 W−1 m−1) and low two-photon absorption (TPA),
and supercontinuum spanning up to 750 nm has been ob-
tained with this material [10]. Recently, a 2.75 octave-
spanning supercontinuumgenerated in periodically poled
waveguides in lithium niobate has been reported [11].
However, neither material is easily incorporated into a
CMOS process.
Silicon wire waveguides are fully CMOS compatible

and exhibit large effective nonlinearities γ ∼ 102 W−1 m−1,
due to their strong confinement and large nonlinear re-
fractive index. While TPA generally limits the extent of
SCG in silicon [12], by working near or below the half
band gap of silicon (i.e., 2 μm), a 0.74 octave-spanning
supercontinuum has been generated with such wave-
guides [13]. Alternatively, the use of CMOS-compatible
high index glass with an effective nonlinearity of γ ∼
1.2 W−1 m−1 has been proposed in [14], where a super-
continuum spectrum exceeding 350 nm is reported. How-
ever, due to the relatively small nonlinearity, a 45 cm-long
waveguide is required.
Here, we demonstrate SCG in integrated silicon nitride

waveguides at a pump wavelength of 1.3 μm. These wave-
guides exhibit an effective nonlinearity of γ∼1W−1m−1,
are robust and CMOS compatible, and do not suffer from

TPA [15]. Using dispersion engineered waveguides, we
observe a supercontinuum spanning 1.6 octaves, from
665 nm to 2025 nm,which is, to the best of our knowledge,
the broadest supercontinuum generated on a CMOS-
compatible chip. This constitutes a significant step to-
wards fully integrated supercontinuum sources, and
owing to the octave-spanning bandwidth, shows promise
for applications in frequency metrology, optical coher-
ence tomography, confocal imaging, and optical
communications.

SCG arises from the interplay of several nonlinear pro-
cesses [16], and their generation is enhanced if the input
pulse is launched near the zero group-velocity dispersion
(GVD) point or in the anomalous GVD regime [10,14,
16,17]. The former minimizes temporal pulse broadening,
thereby preserving high peak powers and thus maintain-
ing a strong nonlinear interaction. The latter regime
enables soliton propagation, whose dynamics can contri-
bute to spectral broadening [16,18].

The silicon nitride waveguides are fabricated using
electron-beam lithography, as previously described [15].
In these waveguides, GVD due to the waveguide confine-
ment can compensate the material GVD by adjusting the
waveguide dimensions [19]. Figure 1 shows the disper-
sion of the fundamental TE mode for different waveguide
widths. We use a 1100 nm wide waveguide and a pump
wavelength of 1335 nm.
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Figure 2 schematically shows the setup used in our ex-
periments. An optical parametric oscillator (OPO) pro-
duces light pulses near 1300 nm with a duration of
approximately 200 fs at a repetition rate of 80 MHz, which
are free-space coupled into the chip using an aspheric
lens. Neutral density filters are used to control the pulse
energy, and the polarization is set to the quasi-TE (hor-
izontal) state with a half-wave plate and a polarizer. The
output from the waveguide is collected with a lensed fi-
ber and sent to an optical spectrum analyzer (OSA). The
coupling loss from the lens to the waveguide is −8.3 dB,
and the waveguide propagation losses are measured to
be 0.8 dB∕cm. The silicon nitride waveguide used for
SCG has an effective nonlinearity of γ ! 1.2 W−1 m−1

and a length of 4.3 cm.
To record the entire SCG spectrum,weutilize twoOSAs

with spectral ranges 600–1700 nm and 1200–2400 nm in
combination with appropriate long-pass filters to avoid
higher order diffraction effects. Figure 3 shows the experi-
mental spectra we obtain for different pulse energies. At
the lowest pulse energy (2.8 pJ), the spectrum experi-
ences minimal broadening, and the shape of the input
spectrum is preserved. The initial spectral broadening
up to pulse energies of 19 pJ is mainly attributed to
self-phase modulation (SPM). At 33 pJ, a prominent peak
at 1800 nm appears, indicating dispersive wave genera-
tion. As the input pulse energy is further increased, we ob-
serve the feature shift to longer wavelengths (see line “B”
in Fig. 3). A second distinct peak around 710 nm becomes
visible with pulse energies of 58 pJ. This feature is spec-
trally narrow compared to the peak at 1800 nm, and, as
indicated with line “A,” does not experience frequency
shifting. This second dispersive wave is visible to the
eye as a red glow in the waveguide (see Fig. 2). As the
power is further increased, the dispersive wave at the
longerwavelength is further red-shifted, and the spectrum
becomes flatter as a result of new intermediate frequency
components being generated. At the maximum available
pulse energy of 160 pJ, the supercontinuum extends over
1.6 octaves from 665 nm to 2025 nm at −30 dB, and over
1435 nm when measured from the noise level. Slight mis-
alignment of the lensed fiber for output coupling at the
highest pulse energy reduces the total measured power,
but does not change the shape of the spectrum, thereby
confirming that no spectral broadening is taking place in-
side the collection fiber. While this generated spectrum is
not completely flat, the wavelength regimes about the

710 nm and 1420 nm bands would be suitable for f -to-2f
interferometry.

We model the SCG using the generalized nonlinear en-
velope equation (GNEE) [20] including the effects of pro-
pagation loss, GVD to all orders, SPM, third-harmonic
generation, and self-steepening. The contributions from
the Raman effect are not included. These simulations
are carried out using the silicon nitride waveguide char-
acteristics with no free parameters. The spectral evolu-
tion of the generated supercontinuum as a function of
input pulse energy is shown in Fig. 4. The simulated evo-
lution predicts the short and long-wavelength dispersive
features that are observed in the experimental spectra
(labeled A and B in the figure). The circles in Fig. 4 in-
dicate the experimentally measured peak wavelengths of
the generated spectral features. The dashed lines show
the predicted wavelength of phase-matching for the
dispersive waves based on Eq. (2) from [21], including
the increased peak power resulting from soliton-effect
pulse compression prior to the dispersive wave genera-
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Fig. 2. (Color online) Setup for SCG with integrated silicon
nitride waveguides. The enlarged section shows the coupling
setup, in which part of the generated spectrum is visible as
red radiation from the waveguide.
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Fig. 4. (Color online) Simulated spectral evolution of the gen-
erated supercontinuum. The short and long-wavelength disper-
sive waves are labeled A and B, respectively. The dashed lines
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a phase-matching analysis. The circles indicate the experimen-
tally measured peak wavelength of the short and long-
wavelength features.
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We demonstrate self-referencing of a Tm-doped fiber oscillator–amplifier system by performing octave-spanning
supercontinuum generation in a periodically poled lithium niobate waveguide. We model the supercontinuum
generation numerically and show good agreement with the experiment. © 2011 Optical Society of America
OCIS codes: 320.6629, 190.4410.

There is considerable interest in developing robust and
compact frequency comb sources in the mid-infrared
spectral region from 2–12 μm for frequency metrology,
few-cycle pulse generation, and biological and medical
applications. Nonlinear optical processes are usually re-
quired to generate combs in this region, as it is not directly
accessible through well-developed broadband laser gain
media. Several promising methods have been considered,
including supercontinuum (SC) generation [1–7], optical
parametric oscillators (OPOs) [8,9], and difference fre-
quency generation (DFG) [10,11]. Compared to DFG
and OPO-based sources, SC generation is experimentally
quite simple: a frequency comb can be generated directly
from a single fiber laser source in a single-pass, traveling-
wave interaction.
Conventionally, SC generation has been performed

using the χð3Þ nonlinearities in optical fibers [4]. However,
reaching the mid-IR spectral region with χð3Þ-based SC
sources is challenging [5]. A promising alternative
approach consists of using the χð2Þ nonlinearities in quasi-
phase-matched (QPM) waveguides to perform SC gen-
eration [1,2]. Highly nonlinear interactions can readily
be achieved in QPM waveguides with few-nanojoule
pump sources, including SC generation from Er and Yb
fiber laser sources at 1580 and 1043 nm, respectively [1].
Since almost arbitrary QPM grating designs can be fab-
ricated, QPM-based SC should allow for control of these
nonlinear interactions in ways not possible with χð3Þ-
based approaches [12,13].
The choice of pump frequency, pulse duration, and

waveguide group velocity dispersion (GVD) is of great
importance in SC generation [4], and mid-IR generation
in general. Additionally, sources with wavelengths >
1800 nm are required in order to avoid two photon
absorption in mid-IR materials, such as GaAs and Si.
Tm-doped fiber lasers are more compatible with mid-IR
generation than established Er and Yb fiber comb tech-
nology, but to date Tm fiber combs have remained elu-
sive due to the long pulse widths generated with
previous Tm fiber oscillators (173 fs) [14], leading to de-
graded coherence properties of any generated SC. In this
Letter, we use a high-power, near-linear 100 fs-level Tm-
doped fiber oscillator–amplifier system to demonstrate

for the first time self-referencing of a Tm fiber laser-
pumped source. We use a single periodically poled
lithium niobate (PPLN) waveguide to perform both
octave-spanning SC generation as well as carrier-
envelope-offset frequency sensing, and we numerically
model the SC generation process in the QPM waveguide.

Our experimental setup is shown in Fig. 1. The fiber
oscillator is mode-locked by nonlinear polarization rota-
tion and generates pulses as short as 70 fs with an aver-
age power of 30mW at 72MHz. These pulses are chirped
in a positive dispersion fiber and subsequently com-
pressed through a 2:0m length of a large-mode-area Tm-
doped fiber amplifier. The amplifier is cladding-pumped
with up to 23W at 793 nm by diode lasers, yielding am-
plified pulse energies up to 25 nJ. In this fiber, the large
core diameter (25 μm), wide amplifier bandwidth, and
large fiber dispersion facilitate near-linear amplification
(B-integral<5) without the use of any external bulk pulse
compressor, providing a very compact setup [15].

We characterized the complex field profile of the ampli-
fied pulses using second-harmonic generation frequency-
resolved optical gating (SHGFROG). The temporal profile
is shown in Fig. 2(a), reconstructed via the principle com-
ponents generalized projections algorithm. The FROG
measurement was performed with a 100 μm long BBO
crystal. The pulse duration is 97 fs (FWHM) at 1:8W aver-
age power (25 nJ pulse energy).We alsomeasured the am-
plified pulse spectrum with a Fourier transform infrared
spectrometer (FTIR), as shown in Fig. 2(b). The spectrum
returned by the FROG algorithm is plotted for compari-
son; the ripples in the FTIR spectrum indicate spurious

Tm fiber
oscillator

793 nm

Pump 
Combiner

Tm fiber amplifier
(cladding pumped)

QPM grating

SMF

DSF

Mid-IR 
SC Waveguide

Fig. 1. (Color online) Setup of a self-referenced Tm-doped
fiber and PPLN waveguide system. SMF, single-mode fiber;
DSF, dispersion-shifted fiber.
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reflections (≈1% of pulse energy) not captured by the
FROG measurement.
To perform SC generation, we coupled approximately

7nJ of the amplified pulses into a reverse proton ex-
changed (RPE) LiNbO3 waveguide. The waveguide is de-
signed to support wavelengths up to 4000 nm and to
minimize the mode area around 2000 nm. Excitation of
the lowest-order mode at 2000 nm is achieved using an
adiabatic input taper. The pulses propagate through an
18:5mm long QPM grating with a period of 22:11 μm,
which leads to SC generation. Wemeasured the spectrum
using an FTIR for wavelengths > 1750 nm and an optical
spectrum analyzer (OSA) for shorter wavelengths; these
measurements were performed simultaneously. The
measured power spectral density (PSD) of the SC is
shown in Fig. 3. The SC spans from 1350 to 2800 nm at
the −40 dB level, and is continuous and easily observable
on the OSA down to 400 nm, corresponding to nearly
three octaves of bandwidth. Data> 2800 nm corresponds
to the noise floor of the FTIR measurement; there is con-
siderable OH-absorption in RPE waveguides around
2850 nm [16], which may have limited further spectral
broadening. Note that some spectral components at
shorter wavelengths correspond to sum frequency gen-
eration (SFG) into higher-order modes of the PPLN
waveguide, so there is some frequency dependence to
the coupling efficiency into the single-mode fiber before
the OSA.
It is necessary to have an accurate model of the SC

generation process in order to design optimized QPM
and waveguide profiles. To this end, we have developed

a numerical model to describe nonlinear interactions in
QPM waveguides; this model is discussed in detail in
Ref. [2]. The model accounts for the χð2Þ, instantaneous
χð3Þ, and stimulated Raman scattering nonlinearities, in-
cluding appropriate noise terms. Modal dispersion to
all orders, nonlinear interactions between multiple wave-
guide modes, and multiple QPM orders are also included.
Each waveguide mode can be modeled as a single envel-
ope [17]. The modes of the RPE waveguides are deter-
mined by modeling the concentration-dependent proton
diffusion process during fabrication, and the proton- and
wavelength-dependent refractive index shift [16].

A simulation from ourmodel is shown in Fig. 3 on top of
the experimental data. The simulation is in good agree-
ment with the experiment. We assumed losses of
0:3 dB=cm except near the 2850 nm OH absorption peak,
and included the TM00 and TM01 modes; additional modes
are supported, but these modes do not alter the nonlinear
dynamics substantially. As the input to the simulation, we
used the pulse profile reconstructed via the SHG FROG
algorithm, as shown in Fig. 2. The measured spectrum
is reproduced with an energy of 2:8 nJ, somewhat lower
than in the experiment. Possible contributions to this dis-
crepancy could be a lower value of d33 (we assumed
d33 ¼ 18:8 pm=V, based on constant-Miller-delta scaling
of the 1319 nm measurement of [18]), variations from
our model assumptions during waveguide fabrication,
and photorefractive effects in the waveguide.

From the simulation, the spectral broadening that oc-
curs near the start of the QPM grating results from cas-
caded phase shifts associated with phase mismatched
SHG [2]. However, a general propagation model is
needed for a quantitatively accurate description of SC
generation. Our pump center wavelength of 1930 nm is
close to the zero GVD wavelength of RPE LiNbO3 wave-
guides (around 2000 nm). Thus, the Tm-doped fiber laser
source represents an interesting pump choice for PPLN-
based SC generation. Due to the low GVD around the
input first harmonic and the QPM period used for this
experiment, pulse self-compression does not occur, lead-
ing to a higher energy requirement for SC generation than
with a 1580 nm pump wavelength [1]. However, the flat
group index profile allowed for a broad and relatively flat
SC spectrum, as seen in Fig. 3.

In addition to the cascaded phase shifts, spectral
broadening is enhanced by stimulated Raman scattering,
and self phase modulation (SPM) from the instantaneous
χð3Þ nonlinearity. Because the QPM period (22:11 μm) is
shorter than that corresponding to phase-matched SHG
around the input wavelength (23:88 μm), SPM due to χð3Þ
has the same sign as SPM due to the cascaded χð2Þ pro-
cess. The broadening mechanisms can be identified nu-
merically: turning off χð2Þ (χð3Þ) leads to a major (minor)
reduction in spectral broadening. In the input taper there
is no QPM grating, and so the cascaded χð2Þ and χð3Þ con-
tributions to the total SPM (almost) cancel each other [2];
furthermore, GVD in the taper is negligible since our in-
put wavelength is very near the zero-GVD wavelength of
the waveguide. The taper is therefore neglected in the
simulation. In addition to the broadening effects de-
scribed above, spectral components around 2f , 3f , and
4f (optical frequency f ) are generated via SHG and other
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On-chip supercontinuum 
clamps the spectral broadening associated with SC generation and limits the achievable 
bandwidth [11, 13]. 

In this paper we report broadband SC generation in an As2S3 chalcogenide planar 
waveguide which has been dispersion engineered to shift the zero-dispersion point (ZDP) of 
the vertically polarized TM mode to 1510 nm.  The horizontally polarized TE mode remains 
in normal dispersion because the waveguide is not fully etched and is much wider than it is 
high.  Short 610 fs pulses at a wavelength of 1550 nm and a peak power of 68 W 
(corresponding to 60 pJ) were launched into the TM mode resulting in SC spectra with a 
30 dB bandwidth of 750 nm, and 60 dB bandwidth greater than an octave – a promising step 
towards on-chip SC sources.  The low TPA and absence of nonlinear loss due to free-carriers, 
combined with this first demonstration of dispersion engineered waveguides, make 
chalcogenide an attractive platform for on-chip supercontinuum sources and other nonlinear 
devices. 

 
2. Device architecture 

The geometry of the As2S3 waveguide is illustrated in Fig. 1.  Using thermal evaporation, a 
0.87 µm layer of As2S3 was deposited onto a thermally oxidized silicon substrate.  The 2 µm 
wide, 6.0 cm long waveguides were defined using photolithography and created using 
inductively coupled plasma reactive ion etching with CHF3 gas to reduce the slab height by 
380 nm [14].  The waveguide chip was then coated in a protective coating layer of inorganic 
polymer glass (IPGTM).  The propagation loss (α) of the waveguide was estimated to be 
0.6 dB/cm. 

As shown in Fig. 2(a), the dispersion of bulk As2S3 is strongly normal at near-infrared 
wavelengths.  However the dispersion experienced by a propagating mode is a combination of 
both the material properties and the geometry of the waveguide.  Reducing the transverse 
dimensions (height and width) will increase the wavelength-dependence of the mode effective 
index and can result in anomalous waveguide dispersion.  This waveguide dispersion can 
offset the normal material dispersion to give a total dispersion that is both near zero and 
anomalous [15]. Dispersion engineering has been used with other high-index, normal-
dispersion materials, such as silicon [16] and AlGaAs [17], as well as bismuth [6] and 
chalcogenide [9] fibers through use use of tapering.  Because this waveguide is not fully 
etched, and because its height is much smaller than its width, the TM polarisation experiences 
more waveguide dispersion than the TE polarisation.  This can be seen in Fig. 2(b) and (c) 

Fig. 1.  Schematic of the dispersion engineered As2S3 waveguide. 
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since the TM mode interacts with the waveguide boundary much more than the TE mode.  
Simulations using RSoft FemSIMTM, shown in Fig. 2(a), predict that the TE mode has a 
reduced dispersion at 1550 nm, in comparison to the material value,  but remains normal; 
whereas the TM mode has low anomalous dispersion. 

The reduction in the waveguide’s transverse dimensions also enhances the nonlinearity of 
the mode by reducing the effective area (Aeff).  Both the TE and TM modes have an Aeff of 
1.23 µm2, and combined with the high nonlinear index (n2) of As2S3 at 3.0×10−18 m2/W, 
results in a nonlinear parameter (γ) of 10 /W/m or 9,100 times the γ of silica SMF fiber. 

3. Experimental results and analysis 

The experimental layout is shown in Fig. 3.  A 10 MHz mode-locked fiber laser produced 
pulses with a peak power of 136 W. Frequency resolved optical gating (FROG) measurements 
gave a full-width at half-maximum (FWHM) of 610 fs at the waveguide input.  Light was 
coupled into the waveguide via lensed fibers, achieving a reflection and coupling loss of 
3.7 dB per facet.  This results in a coupled peak power of 68 W, or ~0.6 mW of average 
power.  A polarization controller (PC) was used to select either the TE or TM modes of the 
waveguide and the coupled power was varied by moving the lensed fiber further from the 
input facet.  The output light was again collected using a lensed fiber and sent to both a power 
meter, to monitor the average power difference between data sets, and an optical spectrum 
analyzer (OSA) to record the output spectra. 
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However, the spectral evolution along the waveguide, shown in Fig. 6(b), has a greater 
symmetry than is generally observed [1].  This can be explained by the soliton fission length 
of the experiment.  The dispersion length LD of the TM mode was 2.97 m, and at the highest 
peak power the nonlinear length LNL was 1.5 mm.  This gives a very high soliton number, 
N = (LD/LNL)1/2 – greater than 40 – and a soliton fission length of 67 mm, which is comparible 
to the device length.  Because of this, the primary nonlinear process driving the SC generation 
is FWM rather than soliton fission.  This is supported by the appearance of idler terms, which 
can be seen after 2 cm of propagation.  The apparent assymmetry occurs because FWM is 
balanced in frequency, and not wavelength; however, Raman scattering does introduce a 
slight shift of energy toward longer wavelengths. 

Fig. 5.  (a) Experimental SC spectra for pulses of varying peak power coupled into the TM 
mode of the waveguide.  (b) Simulated SC spectra for the same peak powers and polarization 
mode using the dispersion curves shown in Fig. 2(a). 
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peak power the nonlinear length LNL was 1.5 mm.  This gives a very high soliton number, 
N = (LD/LNL)1/2 – greater than 40 – and a soliton fission length of 67 mm, which is comparible 
to the device length.  Because of this, the primary nonlinear process driving the SC generation 
is FWM rather than soliton fission.  This is supported by the appearance of idler terms, which 
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related to ‘anti-resonant reflection optical waveguiding’, which has 
been studied in planar geometries16. In some cases, remarkably 
low attenuation can be achieved; a recent example is a silica-based 
HC-PCF with one row of cladding channels that exhibits a loss of 
only 34 dB km−1 at a wavelength of 3,050 nm (ref. 17).

As we shall see, both PBGs and kagome HC-PCFs are useful in 
nonlinear experiments with gases.

Dispersion, nonlinearity and damage in hollow fibres
The use of noble-gas-filled glass fibre capillaries for spectral broad-
ening of high-energy (~1 mJ scale) ultrashort pulses is well estab-
lished, with applications in attosecond science18–21. For acceptable 
transmission losses, the bore must be large (typically 200  μm in 
diameter), making it highly multimodal. Careful alignment, 

however, makes it possible to excite only the fundamental mode, 
and up-tapering the launch end can make it easier to launch very 
high energies22. The group-velocity dispersion in such capillaries 
is weakly anomalous (about −0.015 ps2 km−1 at 800 nm for a bore 
diameter of 200 μm) with a shallow dispersion slope, whereas the 
gas has normal dispersion (Ar yields ~0.6 ps2 km−1 at 800 nm), so 
that once any reasonable pressure (necessary for realizing usable 
levels of nonlinearity) is reached, the dispersion becomes normal 
in the visible and near-infrared spectral ranges. This restricts the 
degree to which dispersion (in particular, its sign and the position of 
the zero-dispersion points) can be controlled; such control is vital in 
many types of interactions, including supercontinuum generation, 
soliton-effect pulse compression, self-phase modulation (SPM) and 
four-wave mixing23–25.

Kagome PCFs also offer anomalous dispersion (−0.5  ps2  km−1 
at 800 nm for a core diameter of 30 μm) and a shallow dispersion 
slope, similar to that of a glass capillary of the same bore diameter, 
but with the advantage of having a much lower transmission loss13,26. 
In contrast, the dispersion of a hollow-core PBG PCF switches from 
anomalous to normal, with a steep wavelength dependence, when 
one crosses the narrow guidance band from longer to shorter wave-
lengths (this is the result of tighter mode confinement, greater over-
lap between the light and the glass, and a smaller core)27.

Marcatili and Schmeltzer’s analysis11 (published in 1964) can be 
used to show that the modal refractive index for the linearly polarized 
LP01 mode in a kagome PCF can be represented to good accuracy by28 

(3)n01(λ,p,T) =  n2
gas (λ,p,T)– ~–  1 + δ(λ) – 

4π2a2 2ρ0 8π2a2

λ2z2
01 ρ(p,T) λ2z2

01

where λ is the vacuum wavelength, ngas is the refractive index of the 
filling gas, δ(λ) is the Sellmeier expansion for the gas under considera-
tion, ρ is the gas density at pressure p and temperature T, and ρ0 is the 
reference density (usually evaluated for an ideal gas at standard pres-
sure p0 and temperature T0 using the expression ρ/ρ0 = pT0/p0T). The 
group-velocity dispersion β2 of the LP01 mode in a kagome PCF (core 
diameter, 26 μm) is plotted in Fig. 1c for four different noble gases at 
a pressure of 30 bar using published data29 (note that in ref. 29, the 
C1 coefficient for Xe should be 12,750, not 12.75). Notably, anoma-
lous dispersion is possible in the visible and near-infrared regions 
at usable levels of nonlinearity — something that is impossible to 
achieve in bulk gases or large-bore capillaries (as discussed above). 
The small magnitude and relatively weak wavelength dependence 
of β2 (compared with those of a hollow-core PBG-PCF) are criti-
cal for realizing soliton self-compression (as discussed below). The 
wide pressure tunability of the zero-dispersion wavelength (ZDW) is 
shown in Fig. 1d. Additional flexibility can be achieved by introduc-
ing pressure gradients along the fibre. It should also be borne in mind 
that higher-order dispersion, enhanced Kerr nonlinearities and two-
photon absorption can become important when operating close to 
electronic transitions in the deep- or vacuum-ultraviolet region30,31.

Numerical analysis using finite-element methods reveals that only 
a very small fraction (~0.01%) of the light is guided in the glass in 
a kagome PCF; most of the light is confined to the hollow core and 
cladding channels. This results in a lower risk of optical damage com-
pared to capillaries, enabling experiments to be performed in extreme 
regimes such as using deep-ultraviolet light and high intensities.

Ultrafast pulse dynamics
Although it was reported a decade ago that air-filled HC-PCFs offer 
the possibility of realizing soliton propagation at very high peak pow-
ers32 and soliton pulse compression has been demonstrated in Xe-filled 
PBG-PCF33, the realization that the dispersion of a gas-filled kagome 
PCF can be widely pressure tuned, and — most importantly — can 
exhibit a smooth and broadband anomalous dispersion region has 
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Figure 1 | Properties of kagome-style HC-PCF. a, Electron micrograph of 
a typical kagome PCF. b, Optical micrograph of the end face of a kagome 
PCF guiding white light. c, Group-velocity dispersion (calculated using 
equation (3)) as a function of wavelength for different gases in a kagome 
PCF with a core diameter of 26 μm at a pressure of 30 bar. d, Zero-dispersion 
wavelength (ZDW) as a function of pressure for different gases (core 
diameter, 26 μm). The group-velocity dispersion is anomalous for wavelengths 
greater than the ZDW. The kink on the Xe curve is caused by a rapid increase 
in the density, as a result of entering the supercritical regime close to the 
critical point (data in c and d from refs 29 and 93).
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properties of gas-filled kagomé PCF. This is followed by an
overview of techniques to compress pulses to a few optical
cycles with kagomé PCF (Section 4). A recently reported,
highly efficient, compact, and tunable deep-UV source is dis-
cussed in Section 5. It has also recently been shown that
soliton self-compression can lead to intensities above the io-
nization threshold of the filling gas in a kagomé PCF, allowing,
for the first time, controllable and extended single-mode laser-
plasma interactions in fiber. We review this new area of non-
linear fiber optics in Section 6. Finally, in Section 7 we offer a
perspective on the use of kagomé PCF for high-harmonic
generation (HHG).

2. PROPERTIES OF HC-PCF
HC-PCF comes in two main varieties [26–30]. The first,
reported in 1999 [26], confines light by means of a full two-
dimensional photonic bandgap (we call it PBG-guiding HC-
PCF). The most common structure is formed by a hexagonal
lattice of air holes, as shown in Fig. 1(a). It can provide ex-
tremely low transmission loss (<1dB=km at 1550 nm in the
best case) [39], guiding a tightly confined single mode over
a restricted spectral range. This feature makes it useful for
spectral filtering, for example, to suppress unwanted Stokes
bands in Raman scattering [40]. The GVD of PBG-guiding HC-
PCF has a steep slope, passing through zero inside the trans-
mission window and attaining very large values at its edges.
To illustrate this, Fig. 1(b) shows the results of finite-element
modeling (FEM) calculations [41] for an ideal structure de-
signed to operate at 800nm. The calculated loss around
800 nm is 0:01dB=m. The ZDW is at 768 nm, and the dispersion
changes considerably across the narrow transmission band,
with a dispersion slope greater than 2000 fs3=cm at the zero-
dispersion point. The very low loss makes these fibers useful
for a wide range of applications, but the limited transmission
windows and extreme dispersion slopes prevent application
to extreme ultrafast pulse experiments.

The second type of HC-PCF, first reported in 2002 [3], has a
kagomé-lattice cladding, characterized by a star-of-David pat-
tern of glasswebs, as shown in Fig. 1(c). It provides ultrabroad-
band (several hundred nanometers) guidance at loss levels of
∼1 dB=m, and it displays weak anomalous GVD (jβ2j <
15 fs2=cm, when evacuated) over the entire transmission win-
dow, with a low dispersion slope. FEM calculations, for one
example structure (30 μm core diameter, designed for opera-
tion in the UV and around 800 nm), are shown in Fig. 1(d), il-
lustrating the broadband guidance windows (200–350nm and
600–850 nm < 2 dB=m), with relatively small all-anomalous
dispersion magnitude (below 15 fs2=cm) across the whole
band, excluding the anticrossing with a strong cladding reso-
nance at∼380nm. Such cladding resonances disrupt the trans-
mission window but are usually quite narrow and so have little
influence on the global dispersion properties. Also, they can be
tuned away from the wavelength bands required in specific ap-
plications by varying theweb thickness. As we shall see, unlike
for capillary fibers, the normal GVD of a noble gas can be
balanced against the anomalous GVD of the kagomé PCF,
allowing the ZDW to be tuned across the UV, visible, and
NIR spectral regions, simply by varying the pressure. This
makes the system ideal for ultrafast applications [42]. We
now take a closer look at kagomé PCF.

A. Dispersion and Loss of Gas-Filled Kagomé HC-PCF
To a good approximation, the modal refractive index of
kagomé HC-PCF closely follows that of a capillary fiber
[42–45]:
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where k is the vacuumwave vector, ngas is the refractive index
of the filling gas, δðλÞ is a Sellmeier expansion for n2

gas [46], p is

Fig. 1. (Color online) Scanning electron micrographs (SEMs) and FEM of the two main types of HC-PCF: (a) SEM of PBG-guiding HC-PCF,
(b) GVD and loss calculated using FEM of an idealized PBG-guiding HC-PCF structure, designed for operation around 800nm, with 11 μm core
diameter and 2:1 μm pitch (Λ), (c) SEM of a kagomé PCF designed for operation in the UV and around 800nm, and (d) GVD and loss calculated
using the FEM of an idealized kagomé PCF structure with 30 μm core diameter, 15 μm pitch (Λ), and 0:23 μm web thickness.
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related to ‘anti-resonant reflection optical waveguiding’, which has 
been studied in planar geometries16. In some cases, remarkably 
low attenuation can be achieved; a recent example is a silica-based 
HC-PCF with one row of cladding channels that exhibits a loss of 
only 34 dB km−1 at a wavelength of 3,050 nm (ref. 17).

As we shall see, both PBGs and kagome HC-PCFs are useful in 
nonlinear experiments with gases.

Dispersion, nonlinearity and damage in hollow fibres
The use of noble-gas-filled glass fibre capillaries for spectral broad-
ening of high-energy (~1 mJ scale) ultrashort pulses is well estab-
lished, with applications in attosecond science18–21. For acceptable 
transmission losses, the bore must be large (typically 200  μm in 
diameter), making it highly multimodal. Careful alignment, 

however, makes it possible to excite only the fundamental mode, 
and up-tapering the launch end can make it easier to launch very 
high energies22. The group-velocity dispersion in such capillaries 
is weakly anomalous (about −0.015 ps2 km−1 at 800 nm for a bore 
diameter of 200 μm) with a shallow dispersion slope, whereas the 
gas has normal dispersion (Ar yields ~0.6 ps2 km−1 at 800 nm), so 
that once any reasonable pressure (necessary for realizing usable 
levels of nonlinearity) is reached, the dispersion becomes normal 
in the visible and near-infrared spectral ranges. This restricts the 
degree to which dispersion (in particular, its sign and the position of 
the zero-dispersion points) can be controlled; such control is vital in 
many types of interactions, including supercontinuum generation, 
soliton-effect pulse compression, self-phase modulation (SPM) and 
four-wave mixing23–25.

Kagome PCFs also offer anomalous dispersion (−0.5  ps2  km−1 
at 800 nm for a core diameter of 30 μm) and a shallow dispersion 
slope, similar to that of a glass capillary of the same bore diameter, 
but with the advantage of having a much lower transmission loss13,26. 
In contrast, the dispersion of a hollow-core PBG PCF switches from 
anomalous to normal, with a steep wavelength dependence, when 
one crosses the narrow guidance band from longer to shorter wave-
lengths (this is the result of tighter mode confinement, greater over-
lap between the light and the glass, and a smaller core)27.

Marcatili and Schmeltzer’s analysis11 (published in 1964) can be 
used to show that the modal refractive index for the linearly polarized 
LP01 mode in a kagome PCF can be represented to good accuracy by28 

(3)n01(λ,p,T) =  n2
gas (λ,p,T)– ~–  1 + δ(λ) – 

4π2a2 2ρ0 8π2a2

λ2z2
01 ρ(p,T) λ2z2

01

where λ is the vacuum wavelength, ngas is the refractive index of the 
filling gas, δ(λ) is the Sellmeier expansion for the gas under considera-
tion, ρ is the gas density at pressure p and temperature T, and ρ0 is the 
reference density (usually evaluated for an ideal gas at standard pres-
sure p0 and temperature T0 using the expression ρ/ρ0 = pT0/p0T). The 
group-velocity dispersion β2 of the LP01 mode in a kagome PCF (core 
diameter, 26 μm) is plotted in Fig. 1c for four different noble gases at 
a pressure of 30 bar using published data29 (note that in ref. 29, the 
C1 coefficient for Xe should be 12,750, not 12.75). Notably, anoma-
lous dispersion is possible in the visible and near-infrared regions 
at usable levels of nonlinearity — something that is impossible to 
achieve in bulk gases or large-bore capillaries (as discussed above). 
The small magnitude and relatively weak wavelength dependence 
of β2 (compared with those of a hollow-core PBG-PCF) are criti-
cal for realizing soliton self-compression (as discussed below). The 
wide pressure tunability of the zero-dispersion wavelength (ZDW) is 
shown in Fig. 1d. Additional flexibility can be achieved by introduc-
ing pressure gradients along the fibre. It should also be borne in mind 
that higher-order dispersion, enhanced Kerr nonlinearities and two-
photon absorption can become important when operating close to 
electronic transitions in the deep- or vacuum-ultraviolet region30,31.

Numerical analysis using finite-element methods reveals that only 
a very small fraction (~0.01%) of the light is guided in the glass in 
a kagome PCF; most of the light is confined to the hollow core and 
cladding channels. This results in a lower risk of optical damage com-
pared to capillaries, enabling experiments to be performed in extreme 
regimes such as using deep-ultraviolet light and high intensities.

Ultrafast pulse dynamics
Although it was reported a decade ago that air-filled HC-PCFs offer 
the possibility of realizing soliton propagation at very high peak pow-
ers32 and soliton pulse compression has been demonstrated in Xe-filled 
PBG-PCF33, the realization that the dispersion of a gas-filled kagome 
PCF can be widely pressure tuned, and — most importantly — can 
exhibit a smooth and broadband anomalous dispersion region has 
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Figure 1 | Properties of kagome-style HC-PCF. a, Electron micrograph of 
a typical kagome PCF. b, Optical micrograph of the end face of a kagome 
PCF guiding white light. c, Group-velocity dispersion (calculated using 
equation (3)) as a function of wavelength for different gases in a kagome 
PCF with a core diameter of 26 μm at a pressure of 30 bar. d, Zero-dispersion 
wavelength (ZDW) as a function of pressure for different gases (core 
diameter, 26 μm). The group-velocity dispersion is anomalous for wavelengths 
greater than the ZDW. The kink on the Xe curve is caused by a rapid increase 
in the density, as a result of entering the supercritical regime close to the 
critical point (data in c and d from refs 29 and 93).
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related to ‘anti-resonant reflection optical waveguiding’, which has 
been studied in planar geometries16. In some cases, remarkably 
low attenuation can be achieved; a recent example is a silica-based 
HC-PCF with one row of cladding channels that exhibits a loss of 
only 34 dB km−1 at a wavelength of 3,050 nm (ref. 17).

As we shall see, both PBGs and kagome HC-PCFs are useful in 
nonlinear experiments with gases.

Dispersion, nonlinearity and damage in hollow fibres
The use of noble-gas-filled glass fibre capillaries for spectral broad-
ening of high-energy (~1 mJ scale) ultrashort pulses is well estab-
lished, with applications in attosecond science18–21. For acceptable 
transmission losses, the bore must be large (typically 200  μm in 
diameter), making it highly multimodal. Careful alignment, 

however, makes it possible to excite only the fundamental mode, 
and up-tapering the launch end can make it easier to launch very 
high energies22. The group-velocity dispersion in such capillaries 
is weakly anomalous (about −0.015 ps2 km−1 at 800 nm for a bore 
diameter of 200 μm) with a shallow dispersion slope, whereas the 
gas has normal dispersion (Ar yields ~0.6 ps2 km−1 at 800 nm), so 
that once any reasonable pressure (necessary for realizing usable 
levels of nonlinearity) is reached, the dispersion becomes normal 
in the visible and near-infrared spectral ranges. This restricts the 
degree to which dispersion (in particular, its sign and the position of 
the zero-dispersion points) can be controlled; such control is vital in 
many types of interactions, including supercontinuum generation, 
soliton-effect pulse compression, self-phase modulation (SPM) and 
four-wave mixing23–25.

Kagome PCFs also offer anomalous dispersion (−0.5  ps2  km−1 
at 800 nm for a core diameter of 30 μm) and a shallow dispersion 
slope, similar to that of a glass capillary of the same bore diameter, 
but with the advantage of having a much lower transmission loss13,26. 
In contrast, the dispersion of a hollow-core PBG PCF switches from 
anomalous to normal, with a steep wavelength dependence, when 
one crosses the narrow guidance band from longer to shorter wave-
lengths (this is the result of tighter mode confinement, greater over-
lap between the light and the glass, and a smaller core)27.

Marcatili and Schmeltzer’s analysis11 (published in 1964) can be 
used to show that the modal refractive index for the linearly polarized 
LP01 mode in a kagome PCF can be represented to good accuracy by28 

(3)n01(λ,p,T) =  n2
gas (λ,p,T)– ~–  1 + δ(λ) – 
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where λ is the vacuum wavelength, ngas is the refractive index of the 
filling gas, δ(λ) is the Sellmeier expansion for the gas under considera-
tion, ρ is the gas density at pressure p and temperature T, and ρ0 is the 
reference density (usually evaluated for an ideal gas at standard pres-
sure p0 and temperature T0 using the expression ρ/ρ0 = pT0/p0T). The 
group-velocity dispersion β2 of the LP01 mode in a kagome PCF (core 
diameter, 26 μm) is plotted in Fig. 1c for four different noble gases at 
a pressure of 30 bar using published data29 (note that in ref. 29, the 
C1 coefficient for Xe should be 12,750, not 12.75). Notably, anoma-
lous dispersion is possible in the visible and near-infrared regions 
at usable levels of nonlinearity — something that is impossible to 
achieve in bulk gases or large-bore capillaries (as discussed above). 
The small magnitude and relatively weak wavelength dependence 
of β2 (compared with those of a hollow-core PBG-PCF) are criti-
cal for realizing soliton self-compression (as discussed below). The 
wide pressure tunability of the zero-dispersion wavelength (ZDW) is 
shown in Fig. 1d. Additional flexibility can be achieved by introduc-
ing pressure gradients along the fibre. It should also be borne in mind 
that higher-order dispersion, enhanced Kerr nonlinearities and two-
photon absorption can become important when operating close to 
electronic transitions in the deep- or vacuum-ultraviolet region30,31.

Numerical analysis using finite-element methods reveals that only 
a very small fraction (~0.01%) of the light is guided in the glass in 
a kagome PCF; most of the light is confined to the hollow core and 
cladding channels. This results in a lower risk of optical damage com-
pared to capillaries, enabling experiments to be performed in extreme 
regimes such as using deep-ultraviolet light and high intensities.

Ultrafast pulse dynamics
Although it was reported a decade ago that air-filled HC-PCFs offer 
the possibility of realizing soliton propagation at very high peak pow-
ers32 and soliton pulse compression has been demonstrated in Xe-filled 
PBG-PCF33, the realization that the dispersion of a gas-filled kagome 
PCF can be widely pressure tuned, and — most importantly — can 
exhibit a smooth and broadband anomalous dispersion region has 
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Figure 1 | Properties of kagome-style HC-PCF. a, Electron micrograph of 
a typical kagome PCF. b, Optical micrograph of the end face of a kagome 
PCF guiding white light. c, Group-velocity dispersion (calculated using 
equation (3)) as a function of wavelength for different gases in a kagome 
PCF with a core diameter of 26 μm at a pressure of 30 bar. d, Zero-dispersion 
wavelength (ZDW) as a function of pressure for different gases (core 
diameter, 26 μm). The group-velocity dispersion is anomalous for wavelengths 
greater than the ZDW. The kink on the Xe curve is caused by a rapid increase 
in the density, as a result of entering the supercritical regime close to the 
critical point (data in c and d from refs 29 and 93).
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Stimulated Raman scattering
Viewed classically, stimulated Raman scattering (SRS) at its sim-
plest is a three-wave mixing process between a pump laser beam, 
a frequency down-shifted Stokes beam and a ‘coherence wave’ of 
internal molecular motion (vibrations or rotations). The Stokes 
light interferes with the pump light, creating an intensity beat note 
that exactly matches the oscillation frequency fR of the molecules. 
In forward SRS, this produces a pattern of fringes with wavelength 
λcoh  ≈  vG/fR that propagates at the group velocity vG of the light. 
This causes the molecules to perform a sort of ‘Mexican wave’ 
in which, although they themselves are not translated in space 
(except through thermal motion), the pattern created by their col-
lective internal motion is (see Fig. 5a). This molecular coherence 
wave modulates the phase of the light, resulting in the generation 
of optical sidebands. Because this process is driven by light rather 
than an external voltage source, the frequency down-shifted (or 
Stokes) bands are stronger than the up-shifted bands, the quantum 
defect energy contributing to the creation of optical phonons. As 
the pump power is increased, the population of excited molecules 
increases, until eventually almost all the pump energy is converted 
to the Stokes bands.

In a suitably designed PBG-PCFs, it is possible to ensure that 
only the pump and first Stokes bands lie within the low-loss window 
(see Fig. 5b for a typical loss spectrum), so that higher orders are 
strongly suppressed69. The resulting system is particularly simple to 
analyse since problems produced by higher-order nonlinear effects 
at high intensities can be avoided by using low intensities and long 
interaction lengths. Only four equations are required: three describ-
ing the ‘classical’ three-wave interaction of pump, Stokes and coher-
ence waves, and a fourth that accounts for the quantum-mechanical 
aspects of the Raman transitions, which permits the possibility of 

full population inversion when the system saturates70 (in a two-level 
system, full population inversion occurs when the populations of 
molecules in the excited and ground states are equal).

This model three-wave interaction has been explored in a hydro-
gen-filled PBG-PCF whose narrow guidance band permits the nor-
mally dominant 125-THz vibrational transition to be suppressed, 
while enhancing the 18-THz rotational transition69. With 800-ps 
pulses with a wavelength of 1,064 nm, the threshold energy for the 
emergence of an appreciable Stokes band at 1,135 nm was a mere 5 nJ 
for a 30 m length of PCF; this increased to ~22 nJ for a 3 m length, for 
which the quantum efficiency rose to 98%. In this case, the coherence 
wave has a wavelength of ~16.7 μm. At pressures above ~3 bar, colli-
sion broadening causes the peak forward Raman gain coefficients in 
hydrogen to saturate to values of 1.5 cm GW−1 (vibrational, 125 THz) 
and 0.5 cm GW−1 (rotational, 18 THz)71. By using Bragg gratings as 
cavity mirrors, the high gain available in HC-PCFs has enabled a 
Raman gas laser with a sub-watt threshold power to be realized72.

Backward SRS. HC-PCFs make it possible to explore, in an unprec-
edentedly well-controlled manner, seeded backward Raman scat-
tering in gases (Fig. 5c). In this case, the coherence wave will have 
a much shorter wavelength: λcoh  ≈  λP/2nm, where nm is the modal 
phase index and λP is the pump wavelength. The phase velocity of 
the coherence wave in this case is slower, being approximately given 
by fRλP/2nm ≈ 9.6 × 106 m s−1 for the rotational hydrogen transition, 
which is about 30 times slower than the speed of light in vacuum. In 
contrast to the forward case, strong Doppler broadening causes the 
gain to saturate at rather higher pressures (~30 bar; refs 73,74). As in 
the forward case, a narrow-band PBG fibre can be used to suppress 
higher-order Raman sidebands. A remarkable feature of this back-
ward interaction is that it enables extreme reshaping and steepening 
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●  Solitons self-frequency blue-shift 

Novel dynamics in the ionization regime 

kagomé PCF is given by β!ω". The second term accounts
for third-order nonlinearities where χ!3" is the third-order
susceptibility. ε0 and μ0 are the permittivity and per-
meability of free space. The final term represents the
influence of photoionization [15]—namely n!z; t" is the
time-varying free-electron density, IP is the first ioniza-
tion energy, and e and me are the charge and mass of
an electron. The underlying ionization rate is calculated
using a model developed by Ammosov et al. [16]; we have
verified that the alternative Yudin–Ivanov model [17] pro-
duces little significant difference for our parameters. As
in the case of solid-core fiber, soliton dynamics arise
from the interplay between dispersion and a Kerr-based
nonlinearity. In addition, the pulse can be subject to ion-
ization effects provided the pulse intensity is high
enough. The instantaneous generation of free electrons
causes the refractive index to drop, imposing a phase
modulation [7] that is, however, asymmetric as the re-
verse process of recombination occurs on time scales
longer than the pulse duration. In the spectral domain,
this phase modulation produces a frequency upshift [18].
The proposed device was designed to convert light

from one important laser wavelength (1500 nm, Er-doped
fiber lasers) to another one (800 nm, Ti:sapphire lasers),
although this technique can be adapted to other wave-
lengths. The parameters below are perfectly amenable
to experimental realization, for example with optical
parametric amplifiers or fiber laser systems. In this study,
the pump is centered at 1500 nm with a 30 fs FWHM
duration transform-limited pulse and 1.7 μJ energy—
corresponding to a peak power of 50 MW (peak intensity
of 41 TW∕cm2). The launched pulse has a soliton number
of N # !γP0t20∕jβ2j"0.5 ≈ 1.4.
Figure 2 presents the spectral and temporal evolution

of the pulse along 25 cm of the fiber. Most of the pulse
energy undergoes a coherent spectral blueshift from a
wavelength of 1500 nm, and eventually reaching a center
wavelength of 815 nm with a conversion efficiency of
30%. This self-frequency shifting of a soliton is redolent
of the more widely known Raman effect, but contrary in
sign [8]. The remaining energy is transferred to linear
modes around the original pump wavelength or lost in
the ionization process. Frequency-shifting kicks in at
around 4 cm where the pulse has gained sufficient inten-
sity to ionize the gas. Pulses with noninteger soliton

number shed excess energy into linear modes, simultane-
ously adjusting their peak power and pulse duration
to converge to a soliton. As a result of starting with
N > 1, the pulse initially undergoes a slight temporal
compression and hence reaches an enhanced peak inten-
sity. From this point on the pulse is influenced by the
presence of a time-varying free-electron density which
causes a continuous blueshift over the following 20 cm.
In the temporal domain, this is accompanied by a consid-
erable reduction in pulse duration. Both the blueshifting
and the compression cease when the ionization-induced
losses have caused the peak intensity to drop to levels
insufficient for ionization. Further insight into the fre-
quency shift and pulse compression can be observed in
the sequence of cross-correlation frequency-resolved op-
tical gating traces shown in Fig. 3. The almost chirp-free
output pulse has an energy of 542 nJ, and a FWHM du-
ration of 4 fs, corresponding to ∼1.5 optical cycles.

The physics behind the compression is closely related
to adiabatic pulse compression [19], with the important
difference that, due to the ionization losses, the pulse en-
ergy is not conserved. Adiabatic soliton compression in
hollow-core PCFs was investigated theoretically in [20],
by considering the fiber-gas system to be axially varying,
which could be achieved using a negative pressure gra-
dient to produce an axially decreasing dispersion. In our
system, however, the pressure is invariant with position
and the propagating medium remains the same along the
fiber length. Instead, the soliton perceives decreasing
dispersion and increasing nonlinearity due to its increas-
ing center frequency. As a result it compresses while
undergoing the self-frequency blueshift. For a shift from
1500 to 815 nm the magnitude of β2 reduces by a factor of
6.54, and the nonlinear coefficient increases by a factor
of 1.84. This suggests a compression factor of 12 in a loss-
less case. Photoionization-induced losses over the entire
propagation distance cause ∼70% energy loss, reducing
this factor to ∼7.5. Mamyshev et al. observed adiabatic
soliton compression that is analogous but opposite in
sign to our results [21]. Namely, the Raman-induced sol-
iton self-frequency downshift resulted in the soliton’s
perceiving decreasing dispersion in a single-mode silica
fiber with an inverse parabolic dispersion profile. How-
ever, a small Raman-induced frequency shift (1.57 to
1.62 μm) and a lower effective nonlinearity due to the
frequency downshift resulted in a relatively small com-
pression factor (95 to 55 fs).

It is worth noting some differences from the results re-
ported in [7], where the process was pumped at 800 nm.

Fig. 2. Temporal (left) and spectral (right) evolution during
propagation. The main wavelength is converted from 1500 to
∼800 nm.

Fig. 3. Cross-correlation frequency-resolved optical gating
traces (at the positions marked with dashed lines in Fig. 2)
showing the pulse compression and frequency shifting.
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kagomé PCF is given by β!ω". The second term accounts
for third-order nonlinearities where χ!3" is the third-order
susceptibility. ε0 and μ0 are the permittivity and per-
meability of free space. The final term represents the
influence of photoionization [15]—namely n!z; t" is the
time-varying free-electron density, IP is the first ioniza-
tion energy, and e and me are the charge and mass of
an electron. The underlying ionization rate is calculated
using a model developed by Ammosov et al. [16]; we have
verified that the alternative Yudin–Ivanov model [17] pro-
duces little significant difference for our parameters. As
in the case of solid-core fiber, soliton dynamics arise
from the interplay between dispersion and a Kerr-based
nonlinearity. In addition, the pulse can be subject to ion-
ization effects provided the pulse intensity is high
enough. The instantaneous generation of free electrons
causes the refractive index to drop, imposing a phase
modulation [7] that is, however, asymmetric as the re-
verse process of recombination occurs on time scales
longer than the pulse duration. In the spectral domain,
this phase modulation produces a frequency upshift [18].
The proposed device was designed to convert light

from one important laser wavelength (1500 nm, Er-doped
fiber lasers) to another one (800 nm, Ti:sapphire lasers),
although this technique can be adapted to other wave-
lengths. The parameters below are perfectly amenable
to experimental realization, for example with optical
parametric amplifiers or fiber laser systems. In this study,
the pump is centered at 1500 nm with a 30 fs FWHM
duration transform-limited pulse and 1.7 μJ energy—
corresponding to a peak power of 50 MW (peak intensity
of 41 TW∕cm2). The launched pulse has a soliton number
of N # !γP0t20∕jβ2j"0.5 ≈ 1.4.
Figure 2 presents the spectral and temporal evolution

of the pulse along 25 cm of the fiber. Most of the pulse
energy undergoes a coherent spectral blueshift from a
wavelength of 1500 nm, and eventually reaching a center
wavelength of 815 nm with a conversion efficiency of
30%. This self-frequency shifting of a soliton is redolent
of the more widely known Raman effect, but contrary in
sign [8]. The remaining energy is transferred to linear
modes around the original pump wavelength or lost in
the ionization process. Frequency-shifting kicks in at
around 4 cm where the pulse has gained sufficient inten-
sity to ionize the gas. Pulses with noninteger soliton

number shed excess energy into linear modes, simultane-
ously adjusting their peak power and pulse duration
to converge to a soliton. As a result of starting with
N > 1, the pulse initially undergoes a slight temporal
compression and hence reaches an enhanced peak inten-
sity. From this point on the pulse is influenced by the
presence of a time-varying free-electron density which
causes a continuous blueshift over the following 20 cm.
In the temporal domain, this is accompanied by a consid-
erable reduction in pulse duration. Both the blueshifting
and the compression cease when the ionization-induced
losses have caused the peak intensity to drop to levels
insufficient for ionization. Further insight into the fre-
quency shift and pulse compression can be observed in
the sequence of cross-correlation frequency-resolved op-
tical gating traces shown in Fig. 3. The almost chirp-free
output pulse has an energy of 542 nJ, and a FWHM du-
ration of 4 fs, corresponding to ∼1.5 optical cycles.

The physics behind the compression is closely related
to adiabatic pulse compression [19], with the important
difference that, due to the ionization losses, the pulse en-
ergy is not conserved. Adiabatic soliton compression in
hollow-core PCFs was investigated theoretically in [20],
by considering the fiber-gas system to be axially varying,
which could be achieved using a negative pressure gra-
dient to produce an axially decreasing dispersion. In our
system, however, the pressure is invariant with position
and the propagating medium remains the same along the
fiber length. Instead, the soliton perceives decreasing
dispersion and increasing nonlinearity due to its increas-
ing center frequency. As a result it compresses while
undergoing the self-frequency blueshift. For a shift from
1500 to 815 nm the magnitude of β2 reduces by a factor of
6.54, and the nonlinear coefficient increases by a factor
of 1.84. This suggests a compression factor of 12 in a loss-
less case. Photoionization-induced losses over the entire
propagation distance cause ∼70% energy loss, reducing
this factor to ∼7.5. Mamyshev et al. observed adiabatic
soliton compression that is analogous but opposite in
sign to our results [21]. Namely, the Raman-induced sol-
iton self-frequency downshift resulted in the soliton’s
perceiving decreasing dispersion in a single-mode silica
fiber with an inverse parabolic dispersion profile. How-
ever, a small Raman-induced frequency shift (1.57 to
1.62 μm) and a lower effective nonlinearity due to the
frequency downshift resulted in a relatively small com-
pression factor (95 to 55 fs).

It is worth noting some differences from the results re-
ported in [7], where the process was pumped at 800 nm.

Fig. 2. Temporal (left) and spectral (right) evolution during
propagation. The main wavelength is converted from 1500 to
∼800 nm.

Fig. 3. Cross-correlation frequency-resolved optical gating
traces (at the positions marked with dashed lines in Fig. 2)
showing the pulse compression and frequency shifting.
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●  Solitons self-frequency blue-shift 

BTW, also possible in tapered fibers 

following the shifting ZDW, eventually reaching a wave-
length of 670 nm.

When several solitons are present, each of them experi-
ences a blueshift. For example, in Fig. 3 soliton B moves to
920 nm at 11 cm (upward-pointing arrow in Fig. 3). After
this point it moves to shorter wavelengths, eventually
reaching 660 nm at 14 cm.

This blueshift occurs at the expense of a drop in peak
power, caused by the proximity of the second zero-
dispersion point. As a result the soliton sheds energy con-
tinuously into the IR, producing the spectral band marked
IR1 in Fig. 2(b). As the soliton and the long-wavelength
ZDW move to shorter wavelength, the DW wavelength
falls. This results in the formation of a fin-shaped band in
the IR region of Fig. 2(b). Note that the experimental IR
signal is strongly attenuated due to long-wavelength tun-
nelling and bend loss [23], an effect that is not included in
the numerical simulations.

The blueshift moves the soliton into a spectral region
containing the remaining pump light. The interference of
the overlapping pulses causes spectral fringes, which
spread out towards a shorter wavelength as the core di-
ameter falls. The blueshifting soliton is not only respon-
sible for the generation of light in the IR, but also leads to
energy transfer into the UV region. If the soliton wave-
length is close to z1, phase-matched generation of a DWon
the blue side of the soliton is possible. Such a DWappears
in Fig. 2(b) at 405 nm, its wavelength increasing as it
propagates beyond the 12 cm point.

We now study the mechanism of the blueshift using
soliton A (Figs. 2 and 3). We find that after 8 cm of
propagation, soliton A has a FWHM duration of 17.0 fs
and center wavelength of 963 nm. The core radius of the
PCF is 0:693 !m at this point, with a GVD of
!68:8 ps2=km at 963 nm. We have simulated the

propagation of this soliton in the taper transition, starting
at 8 cm, in the absence of any other solitons or linear
waves. The result is a clear blueshift of the center
wavelength of the pulse, accompanied by DW generation
[Fig. 4(a)]. Up to the 11 cm point, the soliton duration falls
and its peak power increases. After this it loses energy due
to DW generation and its peak power reduces.
We now study the impact of the changing GVD land-

scape, keeping the nonlinear coefficient constant at
0:12 W!1 m!1. We removed the higher-order dispersion
terms, setting "2 to a constant value of !68:8 ps2=km.
Under these circumstances there are no ZDWs and the
soliton is affected neither by DW generation nor by SSFS
cancellation. The transition effect is approximated by a
linear variation of "2 from !68:8 ps2=km at 8 cm to
0 ps2=km at 14 cm. The spectral and temporal evolution
are shown in Figs. 4(c) and 4(d). The continuous reduction
in j"2j leads to a continuous decrease in soliton duration
and an increase in spectral bandwidth. As required by
energy conservation, the peak power increases [Fig. 4(d)].
The effects of the blue and red ZDWs can be seen by
comparing Figs. 4(a)–4(d): The soliton bandwidth is re-
stricted, spectral components on its long-wavelength edge
being shed far into the IR. On the other hand, blue spectral
components are continuously generated in the anomalous
dispersion region, providing the seed for shifting the soli-
ton envelope into the blue. Note that this is not the result of
SSFS cancellation—numerical simulations with the
Raman effect switched off produce a similar blueshift.
In conclusion, solitonlike pulses can undergo a blueshift,

opposite to the Raman-induced redshift, when the light is

FIG. 3 (color online). Evolution of the center wavelength of
the first two solitons (labeled A and B) emerging after the soliton
fission process. After the maximum redshift due to SSFS, a
blueshift occurs in response to the blueshifting ZDW z2. FIG. 4 (color online). (a) and (b) show the spectral and tem-

poral evolution of soliton A in the 8–14 cm portion of the taper
transition. In (c) and (d) the GVD profile was approximated by a
frequency independent "2, varying linearly from !68:8 ps2=km
at 8 cm to 0 ps2=km at 14 cm. The nonlinear coefficient was set
to a constant value in (c) and (d).
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power, caused by the proximity of the second zero-
dispersion point. As a result the soliton sheds energy con-
tinuously into the IR, producing the spectral band marked
IR1 in Fig. 2(b). As the soliton and the long-wavelength
ZDW move to shorter wavelength, the DW wavelength
falls. This results in the formation of a fin-shaped band in
the IR region of Fig. 2(b). Note that the experimental IR
signal is strongly attenuated due to long-wavelength tun-
nelling and bend loss [23], an effect that is not included in
the numerical simulations.

The blueshift moves the soliton into a spectral region
containing the remaining pump light. The interference of
the overlapping pulses causes spectral fringes, which
spread out towards a shorter wavelength as the core di-
ameter falls. The blueshifting soliton is not only respon-
sible for the generation of light in the IR, but also leads to
energy transfer into the UV region. If the soliton wave-
length is close to z1, phase-matched generation of a DWon
the blue side of the soliton is possible. Such a DWappears
in Fig. 2(b) at 405 nm, its wavelength increasing as it
propagates beyond the 12 cm point.

We now study the mechanism of the blueshift using
soliton A (Figs. 2 and 3). We find that after 8 cm of
propagation, soliton A has a FWHM duration of 17.0 fs
and center wavelength of 963 nm. The core radius of the
PCF is 0:693 !m at this point, with a GVD of
!68:8 ps2=km at 963 nm. We have simulated the

propagation of this soliton in the taper transition, starting
at 8 cm, in the absence of any other solitons or linear
waves. The result is a clear blueshift of the center
wavelength of the pulse, accompanied by DW generation
[Fig. 4(a)]. Up to the 11 cm point, the soliton duration falls
and its peak power increases. After this it loses energy due
to DW generation and its peak power reduces.
We now study the impact of the changing GVD land-

scape, keeping the nonlinear coefficient constant at
0:12 W!1 m!1. We removed the higher-order dispersion
terms, setting "2 to a constant value of !68:8 ps2=km.
Under these circumstances there are no ZDWs and the
soliton is affected neither by DW generation nor by SSFS
cancellation. The transition effect is approximated by a
linear variation of "2 from !68:8 ps2=km at 8 cm to
0 ps2=km at 14 cm. The spectral and temporal evolution
are shown in Figs. 4(c) and 4(d). The continuous reduction
in j"2j leads to a continuous decrease in soliton duration
and an increase in spectral bandwidth. As required by
energy conservation, the peak power increases [Fig. 4(d)].
The effects of the blue and red ZDWs can be seen by
comparing Figs. 4(a)–4(d): The soliton bandwidth is re-
stricted, spectral components on its long-wavelength edge
being shed far into the IR. On the other hand, blue spectral
components are continuously generated in the anomalous
dispersion region, providing the seed for shifting the soli-
ton envelope into the blue. Note that this is not the result of
SSFS cancellation—numerical simulations with the
Raman effect switched off produce a similar blueshift.
In conclusion, solitonlike pulses can undergo a blueshift,

opposite to the Raman-induced redshift, when the light is

FIG. 3 (color online). Evolution of the center wavelength of
the first two solitons (labeled A and B) emerging after the soliton
fission process. After the maximum redshift due to SSFS, a
blueshift occurs in response to the blueshifting ZDW z2. FIG. 4 (color online). (a) and (b) show the spectral and tem-

poral evolution of soliton A in the 8–14 cm portion of the taper
transition. In (c) and (d) the GVD profile was approximated by a
frequency independent "2, varying linearly from !68:8 ps2=km
at 8 cm to 0 ps2=km at 14 cm. The nonlinear coefficient was set
to a constant value in (c) and (d).
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Soliton and frequency combs 

13 

Figure 1 | CMOS-Compatible Optical Frequency Comb Source. a, A single 
pump laser is coupled into the CMOS-compatible silicon nitride microresonator (POPO) shown 
in the optical micrograph. A highly nonlinear interaction resulting in four-wave mixing and optical 
parametric oscillation leads to a vast multiplication of the oscillating frequencies and the 
generation of an optical frequency comb.  b, Experimentally measured optical frequency comb 
generated in this device. The comb spans 75 THz and has a line spacing of 204 GHz, which 
corresponds to more than 350 lines that are generated. 

Foster et al., Optics Express 
19, 14233 (2011) 



Soliton dynamics at the micron scale 

●  Soliton dynamics also in microresonator frequency 
combs 

this case, computation time increases to about 2–3 min
(or less if considering neighboring solutions), but is still
very reasonable.
A particular feature seen in Fig. 3(a) is the strong

narrowband low-frequency component centered about
2150 nm. A similar feature can be witnessed in the cor-
responding experimental measurements [15], and also in
other previous experiments (see, e.g., Fig. 1 in [16]). We
interpret this component as a Čerenkov-like resonant
dispersive wave (DW) emitted by the CS circulating in
the resonator [17]. To show this explicitly, we plot in
Fig. 3(c) the time-frequency representation of the intra-
cavity electric field. Here we exploit the periodic bound-
ary conditions, and expand the fast temporal axis across
three cavity roundtrips. We can clearly see how the intra-
cavity field consists of a train of pulses atop a cw back-
ground (i.e., CSs) and we can identify the narrowband
2150 nm component as DWs emitted by individual
CSs. This is further highlighted by the dashed horizontal
line in Fig. 3(c), which indicates the predicted wave-
length λDW of a Čerenkov wave. Specifically, neglecting
the nonlinear contribution, the pertinent phase-matching
condition governing the resonant DW is β!ωDW" #
β!ωCS" − β1!ωCS" · !ωCS − ωDW" [17], where ωDW #
2πc∕λDW and ωCS are the central (angular) frequencies
of the DW and the CS, respectively. With our numerical
parameters, this condition yields λDW # 2149 nm, in ex-
cellent agreement with the observed spectral peak in
Fig. 3(a). Because a (cavity) soliton in the anomalous
GVD regime can only excite DWs in the normal GVD re-
gime, our observations suggest that the ubiquitous asym-
metry of Kerr combs toward the normal GVD regime may
in fact be explained by the excitation of resonant DWs
by CSs in the anomalous GVD region in a way akin to
supercontinuum generation [17]. Finally, we note that
DW emission has recently been described in terms of

cascaded four-wave mixing, which further highlights
its relevance to Kerr combs [18].

In conclusion, we have used a generalized LL equation
to model high-Q resonator Kerr frequency combs. It can
be solved with a Newton–Raphson solver, providing re-
sults in a matter of seconds, much faster than any other
technique, and for widely different cases, all the way to
octave-spanning combs with hundreds of modes. Our
results are in good agreement with experiments, proving
that the LL model captures the essential physics of Kerr
combs. We also find that Kerr frequency combs are
associated in the temporal domain with CSs [7] and as-
sociated DWs. CSs are well known localized dissipative
structures that have been studied extensively in the past,
in particular in the spatial domain [9,10], so we anticipate
that the LL model will provide both a deeper understand-
ing of Kerr frequency combs and computational effi-
ciency. The Newton method also provides information
about dynamical instabilities of Kerr combs through an
eigenvalue analysis of the Jacobian of the system, which
is obtained at no extra cost. Some of our preliminary
results highlight the presence of Hopf bifurcations asso-
ciated with breathing CSs, i.e., combs with periodically
modulated features.

We thank Dr. I. S. Grudinin for kindly providing experi-
mental data. We also acknowledge support from the
Marsden Fund of The Royal Society of New Zealand.
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Fig. 3. (Color online) (a) Steady-state solution of Eq. (3) with
parameters mimicking a critically coupled, 200 μm diameter
silicon nitride resonator with a loaded Q # 3 · 105 approxi-
mated from [15]. Dispersion as per (b); FSR # 226 GHz; γ #
1 W−1 m−1; α # θ # 0.009; Pin # 755 mW; L # 628 μm; and
δ0 # 0.0534. (c) Time-frequency representation of the simula-
tion result calculated using a 100 fs gate function. Subsequent
roundtrips are separated by vertical lines, whilst the horizontal
line indicates the predicted Čerenkov wavelength.
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roundtrips, making direct simulations of these equations
very slow [3]. In these conditions, however, it is well
known that Eqs. (1) and (2) can be averaged into an ex-
ternally driven NLS equation (see, e.g., [8]),
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where tR is the roundtrip time, α # !αi $ θ"∕2 describes
the total cavity losses, and δ0 # 2πl − ϕ0 is the detuning
with l the order of the cavity resonance closest to the driv-
ing field. The continuous variable t measures the slow
time of the cavity, and can be linked to the roundtrip index
as E!t # mtR; τ" # E!m"!0; τ". Equation (3) coincides with
the master equation of [5] and, with βk # 0 for k ≥ 3, is
formally identical to the mean-field LL model of a diffrac-
tive cavity [6,9,10]. It has also been extensively used for the
description of passive cavities constructed of single-mode
fibers [7,8,11,12]. In particular, spatial pattern formation
and the so-called modulation instability (MI) studied in
some of these earlier works can be directly connected
to frequency-comb generation [6,9,12]. MI was also shown
to occur in the normal GVD regime in presence of cavity
boundary conditions [8,11], which is directly relevant to
combs. Wemust also note that the expressions of the char-
acteristic bistable response of the LL model as well as
those of the intracavity MI gain [8] in fact coincide after
normalization with corresponding results obtained from
the coupled-mode equations of [4], suggesting an intrinsic
link between the two approaches.
The generalized LL Eq. (3) holds in the limit of high-

finesse cavities F ≫ 1. For typical high-Q resonators,
the finesse F ∼ 102–105. Also, dispersion must be “weak”
over one roundtrip,

P
k≥2βkLΔωk∕k!≲ π, whereΔω is the

(angular) spectral width of the generated comb. This con-
dition was found to be satisfied a posteriori for all the
results discussed below, thereby asserting the validity
of Eq. (3) for the description of Kerr combs. The LL equa-
tion has two substantial advantages compared to the
infinite-dimensional map Eqs. (1) and (2). On the one
hand, Eq. (3) can be numerically integrated with the
split-step Fourier method using an integration step
corresponding tomultiple roundtrips, significantly redu-
cing the computational burden in obtaining steady-state
solutions. On the other hand, the steady-state solutions
can be obtained directly by setting ∂E∕∂t # 0 and looking
for the roots of the right-hand side of Eq. (3). Although
the latter approach does not yield insights into the dy-
namics of comb formation, it is computationally orders
of magnitude more efficient than split-step integration.
Here we restrict our attention to stationary solutions
obtained by a multidimensional root-finding Newton–
Rhapson method. Derivatives are computed with Fourier
transforms and the span of the temporal window coin-
cides with tR, meaning the samples of our frequency grid
are spaced by the free spectral range, FSR # 1∕tR.
As a first example, we plot in Fig. 2(a) the intracavity

spectrum of a stable steady-state solution of Eq. (3) ob-
tained with simulation parameters listed in the caption
and approximating the experimental values of [13].

We note that some of these parameters have large uncer-
tainties, but this does not invalidate our conclusions.
Figure 2(b) is the corresponding experimental output
spectrum, and clearly excellent agreement is observed
(abstraction must be made of the pump-mode intensity,
which is modified at the output by the reflected pump).
Some of the discrepancies could be traced to effects un-
accounted for in Eq. (3), such as wavelength-dependent
losses or overlap integrals, or to experimental fluctua-
tions. We also show the temporal profile of the solution
as an inset of Fig. 2(a) so as to highlight that the intra-
cavity field corresponds to a ∼400 fs duration pulse with
a peak power of 100 mW atop a weak cw background. It
is well known that the LL equation possesses such
localized-CS solutions repeating at the cavity repetition
rate, thus forming a frequency comb in the spectral
domain [7,10]. In fact, in solving Eq. (3), we have not
found any type of stable steady-state comb solutions
not made up of single or multiple CSs. This strongly sug-
gests that stable frequency combs generated in high-Q
cavities generally correspond to trains of CSs, which is
in good accordance with recent studies [2,5,14] and was
already suggested in [7]. Our analysis also often reveals
coexisting unstable states associated with MI and breath-
ing CSs that can in practice preclude the observation of
stable combs. Care must therefore be taken in interpret-
ing some reported experimental results: they may be as-
sociated with rapid fluctuations and only appear stable
because of the averaging of spectrum analyzers.

Our next example (Fig. 3) is an octave-spanning comb,
strongly influenced by higher-order dispersion. The simu-
lation parameters are radically different and are approxi-
mated from the experiment of [15] (see caption). Again,
based on the same model Eq. (3), we observe an excel-
lent agreement between the stable steady-state numeri-
cal spectrum plotted in Fig. 3(a) and the experimental
measurements (see Fig. 2 in [15]). At this point we must
emphasize that, despite the large number of spectral
modes included (1024), the computation time in obtain-
ing the results shown in both Figs. 2(a) and 3(a) was of
the order of seconds on a standard computer. It is pre-
cisely this unprecedented speed that is the key advantage
of our technique. In fact, to our knowledge, the Kerr
comb of Fig. 3(a) has the largest number of optical modes
obtained from a theoretical model. Simulating octave-
spanning combs with sub-40 GHz repetiton rates would
necessitate ramping up the number of modes to 4096. In
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Fig. 2. (a) Steady-state solution of Eq. (3) for a critically
coupled, 3.8 mm diameter MgF2 whispering gallery mode
resonator with a 40 μm mode-field diameter and a loaded
Q # 1.90 · 109. FSR # 18.2 GHz; γ # 0.032 W−1 km−1; β2 #
−13 ps2 km−1; α # θ # 1.75 · 10−5; Pin # 55.6 mW; L #
11.9 mm; δ0 # 0.0012. (b) Corresponding experimental spec-
trum after [13].
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The long pulse regime: nonlinear 
instabilities et extreme events 



Dynamics are rather complex… 
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Short pulses Long pulses 
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•  Solitons dynamics 
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•  Four-wave mixing 

•  Raman scattering 
•  Four-wave mixing 
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She gained a Bachelor of Science in 1951 at the Univer-
sity of Wisconsin, and a Master in mathematics in 1955
at University of Michigan. In 1952, following a sugges-
tion by her mathematics professor, a woman, she applied
for a position at Los Alamos National Laboratory. At
that time, women were not encouraged to do mathemat-
ics, but because of the Korean war, there was a shortage
of American young men and staff positions were also pro-
posed to young women. She was thus hired with a whole
group of young people right out of college, for doing hand
calculations.

She was initially assigned to the T1 division (T for The-
oretical) at Los Alamos National Laboratory, led during
the war by Rudolph Peierls and to which the famous spy,
Klaus Fuchs, belonged. But she quickly moved to T7 led
by N. Metropolis for working on the first ever computer,
the Maniac I, that no one could program. Together with
Mary Hunt, she was therefore the first programmer to
start exploratory work on it. She remembers it as pretty
easy because of the very limited possibilities of the com-
puter: 1000 words.

They were working primarily on weapons but, in paral-
lel, they studied other problems like programming chess
or studying fundamental physics’ problems. Mary Tsin-
gou mostly interacted with J. R. Pasta. They were the
first ones to do actually graphics on the computer, when
they considered a problem with an explosion and visual-
ized it on an oscilloscope.

In addition to Pasta, she interacted also with Stan
Ulam, but very little with E. Fermi, at that time pro-
fessor in Chicago. He was visiting Los Alamos only for
short periods, mostly during the summer. However, she
knew Nella, Fermi’s daughter, much better because Nella
didn’t want to stay with her parents during their visits
to Los Alamos. Both early twenties girls were sleeping in
the same dormitory, while Enrico and Laura Fermi were
hosted by their good friends, Stan and Françoise Ulam.

FIG. 1: Mary Tsingou in 1955 and in 2007.

It was Fermi who had the genius to propose that, in-
stead of simply performing standard calculus, computers
could be used to test a physical idea, inventing the con-
cept of numerical experiments. He proposed to check the
prediction of statistical physics on the thermalization of

solids. As anticipated, preliminary results confirmed that
energy initially introduced in a single Fourier mode drift
to other ones. However, one day, the oversight to stop
the computer allows one to discover some unexpected re-
currences which were initially hidden by the slowness of
the computer. It was the start of an ongoing fruitful
research. [5]

The algorithm used by Mary Tsingou in 1955 to sim-
ulate the relaxation of energy in a model crystal on the
Maniac is reproduced in Fig. 2. Its complexity has to
be compared with the 15 lines Matlab c⃝ code, sufficient
today to reproduce the original FPU recurrences [7].

At the time, programming was a task requiring great
insight and originality, and through the 1960s and even
later, it was common to list programmers as co-authors.
It appears that the only reason for the mention “Work
done by FPU+Tsingou, and report written by FPU” is
that she was not involved in the writing. However, Fermi
was not either since, as noticed in S. Ulam biographical
book [8], the FPU report was never published because
Fermi died before the writing of the paper. Consequently,
Tsingou was not given credit simply because the report
was never formally presented in a journal and its state-
ment of credit, differentiating between the writing and
the work done, was presumably misread by later people.

FIG. 2: Reproduction of the algorithm used by Mary Tsingou
to code the first numerical experiment. Note the date (5-20-
55) at the top right of the figure.

In 1958, Mary Tsingou married Joseph Menzel who
was also working at Los Alamos for the Protective Force
of the Atomic Energy Commission. She stayed her whole
life in this small city but her colleagues changed since
Metropolis left Los Alamos for Chicago, Pasta went to
Washington, and later Ulam went to Colorado University.
She worked successively on different problems, always
with computers. She became one of the early experts
in Fortran (FORmula TRANslator) invented by IBM in
1955, and was assigned to help researchers in the labora-
tory.

After her seminal programming work on the Maniac,
in the beginning of the sixties she came back to the



Luckily, it’s more simple these days… 



Solitons on finite background (SFBs) 
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● Highly localized solutions of the NLS 

● Single-parameter family of solutions 
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Solitons on finite background (SFBs) 
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Solitons on finite background (SFBs) 
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● Highly localized solutions of the NLS 
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Solitons on finite background (SFBs) 
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Higher-order 
AB 

● Highly localized solutions of the NLS 

● Single-parameter family of solutions 
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●  Use of multi-frequency CW fields to generate a modulated 
signal 

Observing experimentally SFBs 
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Observing experimentally SFBs 
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Initial stage of supercontinuum with long pulses 

● Modulation instability seeded by noise  
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Signatures of SFBs  in noise-seeded MI 



Signatures of SFBs  in noise-seeded MI 



 
 
 
 
 

 
 

 

Ocean rogue waves 



● Rogue waves: statistically-rare wave height 

 

 

 

Rogue 
Waves 

Ocean rogue waves 

● Possible mechanisms 
–  Directional focusing 
–  Random superposition of 

independent wave trains 
–  Amplification of surface noise 
–  Localized wave structures  

Linear 

Nonlinear 



Linear waves 
speed is independent of 
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   Nonlinear waves 
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Linear vs. nonlinear waves 
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●  Initial stage: field is narrowband  NLS regime 
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●  Envelope modulating the 
amplitude of a group of 
free surface waves 

●  Envelope modulating the 
amplitude of a large number 
of cycles of the electric field 

Both cases: anomalous dispersion and self-focussing 

Where is the analogy with hydrodynamics? 



●  “turbulent solitons gas” 

Long term soliton dynamics 



Shot-to-shot fluctuations 

Mean spectrum 



Shot-to-shot fluctuations 

Mean spectrum 
●  Filtering selects long wavelength 

edge 
●  Dispersive fiber stretches the time 

trace  



●  Field diffraction pattern of an aperture is the Fourier 
transform of the diffracting mask 

 

 

Space-time duality 
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●  Long tail statistics at the SC 
edge  

Shot-to-shot fluctuations statistics 



Shot-to-shot fluctuations statistics 

Mean spectrum ●  Analogy with rogue waves? 

Rogue 
Waves 



● Collisions between solitons lead to energy exchange and 
enhanced redshift   

What causes rogue solitons? 

Erkintalo et al., EPJ Special Topics 185, 135 (2010) 



Capturing single shot spectra 

● Real-time measurement of single shot is spectra is possible 

● Use dispersive time-to-frequency transformation 

 

 

 

 

 ● At large distance in the dispersive fiber, the stretched 
temporal trace corresponds to the spectrum: analog to far-
field diffraction 

Goda et al., Nature Photonics 7, 102–112 (2013)  



Spectral fluctuations 

● Octave-spanning fluctuations can be measured 
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Godin et al.Optics Express XX, XX (2013) 



Capturing single shot spectra 

● Direct access to spectral fluctuations at ALL wavelengths 
 
 
 

 
 
 

Wetzel et al., Scientific Reports 2, 882 (2012) 



●  Stable SC from long pump pulses 
-  Seeding modulation instability 

Controlling SC fluctuations and rogue solitons 

SC spectrum. The weak cw induces ∼20–25 dB increase
in the SC power on both the redshifted and blueshifted
sides of the SC spectrum. Interestingly, under the same
pump condition, the spectral shape of the enhanced SC
spectrum with a cw at 1614 nm is remarkably similar to
the one with the cw at 1505 nm [see Fig. 2(a)]. The en-
hancement is expected to occur when the weak cw ex-
periences large MI gain. When the cumulative MI gain is
sizable enough, soliton fission emerges and leads to sub-
stantial spectral broadening subsequently. This MI-driven
effect is evident in Fig. 2(b), which shows that the en-
hancement effect manifests itself in the two spectral
lobes, resembling the MI gain spectral characteristics.
We study the modification of the SC power statistics

due to the cw-triggered effect, using a real-time wave-
length-to-time mapping technique [9]. Figure 3 shows
the power histogram of 1562 filtered SC pulses
(1640–1650 nm). It shows a clear long-tail distribution, a
signature of the extreme-value statistics, resembling the
key feature of the optical rogue waves [2,10]. However,
when a weak cw at 1614 nm is added, it alters the SC am-
plitude statistics to an almost-Gaussian distribution and
shows an ∼60% reduction in the standard deviation. We
attribute the observed pulse-amplitude variation to the re-
lative intensity noise (RIN) and finite coherence length
(and hence, the linewidth) of the cw source. Clearly,

RIN can disturb the initial condition of soliton fission
and thus deteriorates the SC stability. On the other hand,
the coherence length of the cw source has to be long en-
ough compared to the fiber length to preserve the phase
coherence. In our case, the coherence length of the cw
source is ∼30m compared to the fiber length of ∼50m.
A narrow-linewidth cw source with low RIN is hence es-
sential for maintaining high stability and coherence in the
cw-triggered SC.

We further investigate the coherent properties of the
SC based on the interferometric measurements. The co-
herence of the SC is evaluated by observing the interfer-
ence fringes in the SC spectra when the neighboring SC
pulses are temporally overlapped. Here, we quantify the
coherence of the SC by fringe visibility, i.e., V ¼ ðImax−

IminÞ=ðImax þ IminÞ, where Imax and Imin correspond to
the maxima and minima of the fringes, respectively [11].
For the SC without the cw trigger, the MI growth starts
spontaneously from noise, and the SC is thus, in general,
less coherent, especially in the redshifted spectral
regions. In contrast, the cw-triggered SC shows improve-
ment in pulse-to-pulse coherence (Fig. 4). Detailed stu-
dies on cw-triggered SC optimization, such as stability
and coherence improvement and the multiwavelength
triggering scheme, are under investigation.

Fig. 1. (Color online) Schematic of the cw-triggered mech-
anism for manipulating SC generation. (right) Introducing an
extremely weak cw can significantly enhance the output SC
spectrum (solid curve), compared to the case without the cw
trigger (dotted curve).

Fig. 2. (Color online) (a) Measured SC spectra without the
cw trigger (solid curve), with the cw trigger at 1505 nm (dashed
curve), and with the cw trigger at 1614nm (dash-dotted curve).
(b) SC enhancement as the function of the weak cw wave-
length.

Fig. 3. (Color online) Filtered pulse-to-pulse amplitude histo-
grams of the untriggered SC (squares) and the cw-triggered SC
(triangles). The pump power is adjusted in order to compare the
statistics under similar SC average power level. The shaded re-
gion represents the noise floor of the measurement.

Fig. 4. (Color online) Fringe visibility of the SCs. The open
circles represent the cw-triggered case, while the filled squares
represent the untriggered case.
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Cheung et al., OL 36, 
160-162 (2011) 
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Figure 1 Experimental measurement of supercontinuum (SC) spectra with 

and without the addition of a weak seed. A) Illustration of the impact of a 

weak coherent seed on the input pulse. If the seed is properly timed (and has 

the correct center frequency), SC is readily produced; whereas, no SC is 

generated otherwise. B), C) Measured spectra without and with the properly 

timed seed, respectively, at the indicated pump (peak) power levels. The small 

arrows indicate the shedding of a soliton lobe from the red-shifted modulation-

instability (MI) wing. When the seed is present, the soliton lobe is clearly 

discernable from the sharpened MI wing. 

18

Figure 4 Simulation of SC enhancement and stabilization with a weak 

seed. A) Complex-plane scatter plot of the SC electric field amplitude A ( =

1950 nm,  = 5 nm) from many independent events: 130 W pump peak power, 

seeded (green points, 40 events); 255 W, unseeded (blue points, 80 events). 

The 130 W pump generates negligible SC levels when unseeded. The 255 W 

pump generates appreciable SC, but the spectral amplitude and phase fluctuate 

tremendously from pulse to pulse. The seeded 130 W pump generates more 

SC than the unseeded 255 W pump, and the fluctuations are nearly eliminated 

at least ~400 nm from the pump (amplitude coefficient of variation: ~0.036 %; 

phase angle standard deviation: ~23 mrad). B) Single-shot seeded (green) and 

unseeded (blue) relative power spectral densities from a 130 W pump. C) 

Filtered (>1680 nm) SC power with (green squares) and without the seed (blue 

circles). In the latter case, we average many trials for each power level, as the 

unseeded output is unstable. The SC generation threshold is dramatically 

reduced when the seed is added. 

Solli et al., PRL 101, 233902 (2008) 



That’s all folks! 



Even SC in water waves! 

●  Perturbations can also lead to soliton fission, just as in 
optics… 

Hydrodynamic  
supercontinuum 

the MNLS to describe accurately the propagation of 1D
deep-water waves for steepness values below the wave-
breaking threshold.

In an optical context, the propagation of N-soliton solu-
tions can lead to the generation of a broad supercontinuum
when perturbation arising from higher-order dispersion
and nonlinearity becomes important and split the initial
bound state into fundamental individual solitons of differ-
ent amplitudes and durations that separate with propaga-
tion, a mechanism generally referred to as soliton fission
[1,26–28]. We next proceed to demonstrate that the very
same phenomenon can also manifest itself in hydrodynam-
ics. To this end, we increase the nonlinearity in the dy-
namical system in order to increase the spectral bandwidth
of the wave group at the stage of maximum compression so
that higher-order perturbations to the NLS become even
more significant and break the initial bound state. The
symmetry breaking caused by the higher-order terms
then results in soliton fission with the individual solitons
traveling at different velocities and eventually spreading
across the wave group just as in the optical case [1,29,30].
In hydrodynamic propagation, increasing the nonlinearity
can be achieved either by increasing the order of the
launched multisoliton or by increasing the carrier steep-
ness. We favored the former in our experiment because
increasing the steepness can cause the initial wave to
break. Launching a N ¼ 4 soliton [4sechðTÞ] into the
tank with a carrier amplitude a0 ¼ 1 mm and a carrier-
steepness value of "0 ¼ 0:04, we observe clear signatures
of soliton fission into distinct fundamental solitons as seen
in Fig. 5(a), which shows the temporal amplitude of the
wave group at the beginning (inset) and end of the tank.
Correspondingly to the fission, we observe a quasicontin-
uous spectrum at the end of the wave tank as shown in
Fig. 5(c), similar to an optical supercontinuum. The hydro-
dynamic and optical analogy is further confirmed by noting
that the distance at which fission occurs in the wave tank

scales using the same criterion as that derived for pulses in
optics. Specifically, the fission process is triggered at the
distance of maximum temporal compression where the
effects of higher-order perturbations are more pronounced
and which can be approximated by LD=N, where LD is the
dispersive length. The dispersive length is simply given by
the temporal width of the wave group at the input divided
by the dispersion coefficient of the NLS, and in the water
wave case is equal to LD ¼ g=2T2

0 , implying a fission
length of about 4 m for our experiment. In principle, the
fission could also be triggered by significant noise ampli-
fication, but we have carefully checked through numerical
simulations that the noise influence is negligible here and
that the fission can be unambiguously attributed to higher-
order perturbations to the NLS. The fact that we observe
fission in the hydrodynamic case so apparently makes it
clear that mathematical differences in the NLS perturba-
tion terms relative to the optical system are not physically
significant: it is because the higher-order perturbations
break the symmetry of the integrable NLS that fission
occurs, and this also inevitably leads to significant perma-
nent spectral broadening with asymmetry. This is an
important observation that illustrates how systems gov-
erned by the NLS are very sensitive to the presence of
perturbations that are likely to break any bound state into
its fundamental constituents. In order to highlight the
crucial of the higher-order perturbations in the fission
process, we have performed numerical simulations using
the extended MNLS; see Figs. 5(b) and 5(d). We see
excellent agreement with the output experimental spec-
trum. In particular, fission at LD=N is clearly observed in
the simulated temporal evolution [Fig. 5(b)], and the mag-
nitude of the spectral broadening is correctly predicted.
Of course, there are some differences between the opti-

cal and hydrodynamic supercontinua as we observe. First,

FIG. 4 (color online). Spectral evolution of the N ¼ 2 (top)
and N ¼ 3 (bottom) solitons. (a),(d) Experimental evolution
calculated from the measured envelopes using the Hilbert
transform; (b),(e) simulated evolution using the NLS;
and (c),(f) simulated evolution using the MNLS.

FIG. 5 (color online). (a) Experimentally measured surface
elevation at 1 m (inset) and 10 m from the flap with initial
condition 4sechðTÞ at x ¼ 0. The experimental carrier parame-
ters are a0 ¼ 1 mm and "0 ¼ 0:04. The three largest fundamen-
tal solitons ejected from the fission are marked by the letter S.
(b) MNLS simulation of the wave train envelope in the frame of
reference moving at group velocity. The dashed white line
indicates the theoretically calculated fission distance.
(c) Experimental spectra at 1 m (lower red curve) and 10 m
(upper blue curve). (d) Corresponding results from MNLS
simulations.
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●  Fission length Lfiss≈Ld/N=N Lnl is also the same 

Chabchoub et al., Phys. Rev. Lett. 111, 054104 (2013)  



Rogue solitons 
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Rogue solitons 

Rogue Solitons 
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Raman shift   


