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Nonlinear Optics

To get shorter wavelengths, one
should start with short
wavelengths (UV).

In order to use low-order
processes for the frequency
upconversion.



Strong-Field Atomic Physics

Atoms

.
Laser pulse —
—

lons
Electrons

» Picosecond pulses
» High intensity
104 W/cm?

lonization of atoms in strong laser fields
Above-threshold-ionization, multiple ionization



Strong-Field Atomic Physics
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Fluorescence and high harmonics

Measurements of (<80-nm) radiation produced
by intense ultraviolet (248-nm) irradiation
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(10%>-10%® W/cm?) of rare gases have revealed
the copious presence of both harmonic
radiation and fluorescence from excited levels.

The highest harmonic observed was the
seventeenth (14.6 nm) in Ne, the shortest
wavelength ever produced by that means.

Strong fluorescence was seen from ions of Ar,
Kr, and Xe, with the shortest wavelengths
observed being below 12 nm

(252p°3p) - McPherson, JOSA B 1987
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Intensity

High harmonic plateau

Multiphoton

Plateau

Order

3 7 1 15 19 23 27 31 35

We report the observation of very-high-order
odd harmonics of Nd: YAG laser

radiation in rare gases at an intensity of about
1013 W cm™.

The key point is that the harmonic intensity
falls slowly beyond the fifth harmonic as the
order increases.

Nd-YAG 1 um
30 ps, 10 Hz

Ferray, J. Phys B 1988




First numerical simulations
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Phase matching ?
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A nonlinear optical phenomenon

NOT: Incoherent radiation
from a collection of atoms

) 2 P(Fst) — N (F1t)d (F1t)
S =|| P(F,t)e ™" dr Ak =k, — gk,

o Dispersion
o0 Gouy phase due to focusing
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First propagation calculations

Role of phase
matching ?

L’Huillier, Kulander and

Schafer, PRL 1991
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Pttoseconds ?




Sum of phase-locked harmonics

Attosecond pulses
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Electric field, E [arb. un.]

E* [arb. un.}

(Electric field)?,
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‘0 | ] “If the harmonics are
(a) 7" appropriately phased, this
100 attosec .
20 bandwidth corresponds to
Jﬂ M M temporal pulses on the order
NN AL A A 17
V\,J <~ \M JJ ~ 1T W of 5X 10 % s, and thereby
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" V | 4 generation.”
0 0.5 1.0 1.5 2.0
Time, /T Harris, Hansch, Maclin, OC, 1993
1500 (b)

1000

Toth and Farkas, PL, 1992

500

W W W

0 0.5 1.0 1.5 2.0
Time, /T 14

0



Attosecond
pulses ?

Phase
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JCIHG with
shot J:w/&m,

j 1998




25 nm 125 nm ?.5* nm
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Quasi-classical interpretation

- Return
Laser field
Energy 1 recombination
f — —_— —
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Atomic |

potential
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Quasi-classical interpretation

Laser field Return
Energy t  recombination
. — E— —_— A
N Eph
= X
T~ — \ T~
AN / Y, AN
'Ié //-\\ - — \ Y/
ionisation  Electron-wave Acceleration
_ packet
Tunneling
Atomic
potential —
dV — P. Corkum, K. Kulander,
M—— = _eE presented at Han-sur-Lesse,
dt Belgium, February 1993
_1 2
Eph 2 mv® + | P P. Corkum, PRL, 1993
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Electron trajectories

Field

Electrons
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Dipole strength (arb. units)
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Strong field approximation

ex(t) =i de| Iﬁd*(ﬁ+r)d(|3+e,&(t—E
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Pttoseconds ?




Quasi-classical interpretation
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From the time to the frequency domain

Time domain — Frequency domain
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T
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Power spectrum |E(w)|?
Electric field in time E(t)




Attosecond pulses =
Sum of phase-locked
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Harmonics = Interferences
of attosecond pulses High harmonics
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Electric field in time E(t)

Odd order
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Power spectrum |E(w)|?



Electron trajectories

Electrons Field
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Multiple pulses per half cycle ?
Chirp
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Dipole strength (arb. units)
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Strong field approximation
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- Disentangle the trajectories
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Electron trajectories

One harmonic Detector

source Focus Far field
r-dependent 9 Increased
phase- divergence

Wavefront R>0

i W
0=—-—1+4a 15—
W, W,

E _ AS e—iasl (r)
S

_ —ie, 1 (1)
E,=Ae™

Spatial distribution (mm)



Two harmonic
sources

Short trajectory:

Spectrally narrow
Long coherence time
Collimated

Zerne et al., PRL 1997
Bellini et al, PRL 1998

Electron trajectories

Detector

Long trajectory:

Increased spectral
bandwidth

Reduced coherence time
Divergent

15 th harmonic (53 nm)

(delay)



Pttoseconds ?
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Polarizability (10-24 ¢m?)
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Phase matching

+ Ak
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AK = Ak, + Ak, + Ak

Aka = q—a) N [apol (q&)) - apol (C())]
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Degree of ionization = a few % 34

Photon Energy (Ry)



Contentions

E(t) = [do Al)e ™ licc p(w) =—al

Ak = kq — gk, Gene_ratgd field — Induced
polarization @ qw

S| units!
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Attosecond pulse trains

traj The two trajectories
AK = Ak + Ak -I- AK foc + Akdlp are phase matched
y %r—’ —_—  — differently!
<0 >0 >0 -sign (z)
e, I | E | T
g
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300 as
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Time (2m/oyg)

Time (2m/wy)

Antoine et al, PRL 1996



TJCIHSG with even
shorter J%v&m

S 1997




Intensity (arbitrary units)

Harmonics in the water window

Wavelength (nm)
4.9 4.4 3.6
v v v (b)
) He 221
Ne

A B B

=

163 179 199 211

Harmonic order

Short pulses < 20 fs

Spielman et al, 1997
Chang et al, 1997

Harmonic
generation in
capillaries



Harmonics in the water window
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Midorikawa, Salieres
Murnane, Kapteyn

Brabec and Krausz 2000 Multicolor / Low frequency



Ptboseconds ?
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ATTO Network (XTRA, ATTOFEL)

Aim: “bring attosecond physics
into experimental reality”

How: autocorrelation, streaking

/‘
> .<o with a low frequency field



Autocorrelation of harmonic pulses
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Kobayashi et al, 1998
' ?
Tzallas et al., 2003 ) Autocorrelation of attosecond pulses *



Cross-correlation of harmonic pulses
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Glover et al., 1996
Schins et al, 1996
Mauritsson et al.. 2003



Attosecond pulse trains
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Paul et al, 2001
Mairesse et al. 2003
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Attosecond pulse trains
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Mairesse et al. 2003



Single attosecond pulses

Photoelectron energy {eV AW (eV)
g & = N 20 0
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AC Streak camera
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Hentschel et al, 2001
Kienberger et al, 2002 1,—650 (£150) as



Single attosecond pulses

250 as @ 90 eV

85 eV
AC Streak camera

55 eV Goulielmakis,

Science (2004) -eA

Pi
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Sansone,
Science (2006)
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Fun with harmonics !

Intensity (a.u.)
—
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20 30 40
Energy (eV)

Few cycle laser pulse (15 fs)
CEP-stable - CEP-dependent effect
Two color field

Mansten et al., PRL 2009
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Tight focusing (100 kHz)

Heyl et al., submitted, see poster
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Fun with harmonics !

energy (eV)

Intensity (a.u.)
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