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Understanding the ultrafast white-light continuum
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Focusing a powerful femtosecond pulse into a 
transparent material can transform the pulse into 
a white-light continuum.The width of the resulting 
spectrum exceeds the visible spectral range, 
extending mostly toward blue frequencies. 
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Self-phase modulation (SPM) broadens the pulse spectrum. 
The Kerr index (intensity-dependent index of refraction) causes the phase 
velocity to be lowest where the pulse is most intense. This results in a 
"compaction" at the back of the pulse (hence a blue shift). 

Ionization limits the intensity achieved in the focus and thus limits the continuum width.
The intense laser field at the focus can promote electrons from the valence band to the 
conduction band of the dielectric, via field and avalanche ionization. The free electrons 
contribute negatively to the index of refraction, so they counteract self-focusing.

Short pulse effects alter the pulse during propagation.

Self-steepening: The back of the pulse envelope forms a steep edge during
propagation. This occurs because the intense part of the pulse has a slower 
group velocity than the rest of the pules. The steep edge produces a large 
blue broadening (broadening toward blue frequencies) by SPM.

Space-time focusing: Diffraction is modified by the short pulse envelope. 
The back and front of the pulse don’t diffract the same way, increasing the
intensity at the back of the pulse and thus enhancing blue broadening.

Pulse splitting: The interplay between dispersion and self-phase modulation 
causes the pulse to split in two or more spikes. The front spike is red-shifted, 
while the back spike is blue-shifted.

Our systematic experiments and simulations are aimed 
at a complete explanation of the white-light continuum. 

First femtosecond continuum observed in 1980. 
Superbroadening first observed in 1970 with 
picosecond pulses.

Widely used as a tunable source of femtosecond 
pulses (e.g. ultrafast spectroscopy, optical parametric 
amplification)

Never satisfactorily explained
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Self-focusing increases the intensity at the focus, causing stronger SPM
and triggering continuum generation. Because of the Kerr index, the beam 
propagates through an index profile that corresponds to the beam’s intensity 
profile, causing a lensing effect.
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We simulate the progagation of a femtosecond pulse by numerically solving the wave equation.

We measure the blue broadening of the continuum for various pump wavelengths and materials.
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Blue broadening vs pump frequency in various materials
(i.e., various band gaps)
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The modified nonlinear envelope equation governs the pulse envelope A(r,t)
Blue broadening vs pump frequency in fused silica
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fused silica
band gap 9.2 eV

Spectrum for 800-nm pump in fused silica

Spectrum with 800-nm pump in fused silica

Andre Brodeur, Chris B. Schaffer, and Eric Mazur
Division of Engineering and Applied Sciences and Department of Physics, Harvard University, Cambridge, MA 02138

Alexander L. Gaeta
School of Applied and Engineering Physics, Cornell University, Ithaca, NY 14853

frequency

broadening

band gap

broadening

10
1

10
2

10
3

10
4

po
w

er
 s

pe
ct

ra
l d

en
si

ty

3.53.02.52.01.51.0
frequency (eV)

1000 800 600 400
wavelength (nm)

blue
broadening

cut-off

10
5

10
6

plasma coupling

multiphoton absorption

 
Continuum optimization

The broadest continuum we observe is generated in LiF with a 1.3 mm pump and 
spans ~ 3 eV (from ~1.5 mm down to 320 nm).

We observe: 
●   nearly linear decrease of blue broadening with increasing pump frequency

blue broadening generally increases with band gap
no continuum generation at 400 nm (3.1 eV), probably due to nonlinear 
absorption, except in LiF and CaF2
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Qualitative description of continuum generation

●   nearly linear decrease of blue broadening with increasing pump frequency
large blue broadening requires all terms in the propagation equation
ultimately the extent of blue broadening is determined by the ionization mechanisms

●   

●   

The calculations show:

w carrier frequency
n0 index of refraction
k0 carrier wavenumber
b2 group-velocity dispersion coefficient
n2  Kerr index
f retarded fraction of the Kerr index
 

s inverse brehmsstrahlung cross-section
tc collision time
r electron density (governed by a rate equation 

that includes multiphoton and avalanche ionization)
b(K) K-photon absorption cross-section
K number of photons required to bridge the band gap

During propagation self-focusing increases the intensity, which causes strong spectral broadening 
by SPM. At the back of the pulse, self-steepening and space-time focusing produce a rapid drop in 
intensity that enhances dramatically the blue broadening, producing the white-light continuum. 
Ionization limits the continuum width by stopping self-focusing. Large-gap materials such as LiF and 
CaF2  do not ionize readily, thus allowing large blue broadening before before ionization sets in - 
hence the continuum’s band-gap dependence.
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LiF 11.8 eV
CaF2 10.2 eV
fused silica 9.2 eV
water 7.5 eV
methanol 6.2 eV
NaCl 6.2 eV
BK7 4.4 eV
SF11 3.3 eV


