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"for experimental
methods that
generate attosecond
pulses of light for
the study of electron
dynamics in matter”

Pierre Agostini Ferenc Krausz Anne L'Huillier

© Nobel Prize Outreach. Photo: Clément Morin
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Découverte de la génération d’harmoniques d’ordre élevé (1987)

IR pulse %o
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M. Ferray et al., J. Phys. B 21 (1988)
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Production d’une série d’impulsions attosecondes (2001)

IR pulse oo Train of attosecond pulses
/ Electrons — "= /
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; \\ // time [fS] A /’
P. M. Paul et al., Science 292 (2001) N _ s ¥ 2
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Production d’une impulsion attoseconde isolée (2001)

IR pulse s Single attosecond pulse
/ Electrons — "= /
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M. Hentschel et al. Nature 414 (2001).
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10718 10°

| I l
ATTOSECOND HEARTBEAT AGE OF THE UNIVERSE
1/1,000,000,000,000,000,000 1 SECOND 1,000,000,000,000,000,000
SECOND SECONDS

Electrons’ movements in atoms and molecules are so rapid that they
are measured in attoseconds. An attosecond is to one second as one
second is to the age of the universe.

©Johan Jarnestad/The Royal Swedish Academy of Sciences

9 E. Cormier | Udppc | Pessac



NstiruT =" Qu’est-ce qu’une attoseconde %

d'OPTIQUE

GRADUATE SCHOO L universite
“BORDEAUX

Distance parcourue en 1 as a la vitesse de la lumiere:

e pourlas: d=c.t=3.108%x1.10718 =3.1071Y = 0.3 nm
« pourlOas: d=c.t= 3.108x10.10718 =3.107° =3 nm

A0 [E300

UCNP (5-50 nm) eria0.15-2 10-30 pm r (60 pm) Pollen (400 um)
l 1 )l lllllll 1 1 Illllll 1 1 Illllll It 1 Illllll 1 1 lllllll 1 L lllllll A1 1 lllllll
100pm 1nm 10nm 100nm Tum 10um 100um 1mm
»-;fr";; % CELLSTRUCTURES e N\ Y
J< ;.\.',;;,; Ribosome 20 nm 2 4
8 O P Microtubule2snm | | 34Q Wm*% v Sy
Stk Nuclear pore 50 nm & \ R
AuNPs e Centriole 200 nm Mitochondr! f Red cell = ‘
Atom (0.1 nm) (15 nm) (10-25nm) Virus (10-150 nm) Lysosomes 200-500 3pum (9 pm) Neuron (200 um)

Bayda, S et al. Molecules ,25,

112 (2020) En 10 as, la lumiere parcourt I’épaisseur d’'une séquence ADN
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Qu’est-ce qu’une attoseconde

Plus précisément, a I’échelle atomique:

Atome d’hydrogéne -0.3(8) 2\\;;
-0.54 eV -
ap =52.9x107'? =529 pm 0.85 eV
Ey,=—-13.6 €V -1.51 eV
c -3.39 eV
=—=2.2x%x10°m.s™?!
Vo 137 0°m.s
Energy (eV)
2.a 52.9 x 10712

2
Vo 2.2 x 106
=48 x 10"18= 48 as

Ground
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Il
W

Radial probability 4nr2R 2,

n=1

Il faut 48 as a I’électron pour traverser I’'atome d’H
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Eadweard Muybridge (1878), Galloping Horse, Motion Study

Etude de la dynamique d’un cheval au galop

Conditions a vérifier:

Vitesse =965 m/mn =58 km/h =1.142 m/s
Photo nette si déplacement <1 cm

Durée d’acquisition < 1.4 ms

La Nature (n°291, 28 décembre 1878).
12 E. Cormier | Udppc | Pessac



nstirur = Etude de la dynamique %

d'OPTIQUE

GRADUATE SCHOOL universite
“BORDEAUX

o

13 E. Cormier | Udppc | Pessac



I\

INSTITUT Etude de la dynamique
GRADUATE SCHOOL Uncie\é%fbiésux
Femtosecond
spectroscopy, electron
diffraction Attosecond spectroscopy
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Nuclear process
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Electronic Electrons

Processes

Atoms and molecules
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Etude de la dynamique

of chemical reactions using
femtosecond spectroscopy”

Ahmed Zewail
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Mechanical
processes

processes

Electronic
processes
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"for his studies of the transition states
Femtosecond
spectr(ci)is;:f;):cyt,i (f):ll1ectf0n Attosecond spectroscopy

Nuclear process
Radioactive decay

Electrons

Atoms and molecules
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’Q/\ A k I(t) = |E®)|?

E(t)

E(t) = Re(&E(t))

— &y : champ maximal

27T : durée de I'impulsion
. £ 2
—”d E(t) = 806_(?) cos(wt + @)

V Longueur d’onde: A =

2T , :
— T = — période optique
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Impulsion laser: corpuscule

Photon:
Energie:

C
Ephoton = hw = hv = —

A

Dans un pulse:

A =800 nm

EphOtOTl — 25 10_19]

Epulse = 1m]
N = 4 10%° photons
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Transition atomique:
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P < aIN

Excitation lonisation lonisation au Génération
Multiphotonique  multiphotonique dessus du seuil d’harmonique
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H - ) .y 7 .
ydrogene Electron Z UnlteS atomlqueS:
Vir) = —— * Longueur:
r ap =529 x 107 =529 pm
EeV) | i e Champ:
do 4ag Ep 11 -1
W= ? E, =—=51%x10""Vm
: edo
34 n=2
* Intensité:
I, =3.5%x 10 Wem™
-13.6 n={
Champs forts : intensite laser [ = I,
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Echelle d’intensité laser

101 W/cm? : Sun intensity on ground

1012 W/cm? :
1016 W/cm? :

1018 W/cm?

10%2° W/cm?

lonization
lonization saturation

- Relativistic electrons
102> W/cm? :
. Pair creation
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Vacuum Polarization
Ultra Relativistic Optics
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W

Relativistic Optics
E =m’

Bound electrons

Focused Intensity (W / cm’)
=

<«—mode locking

M /<— Q-switching
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mJ

2010 2020 2030

Courtesy G. Mourou
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1 030

Vacuum Polarization
Ultra Relativistic Optics

[ g
wm

—
]

Relativistic Optics
Gérard Donna

Mourou Strickland

—
E,=m

Bound electrons

Focused Intensity (W / cm’)
=

“for their method of generating
high-intensity, ultra-short
optical pulses”

mJ

1960 1970 1980 1990 2000 2010 2020 2030

Courtesy G. Mourou

D. Strickland, G. Mourou, Optics Comm., 56, 219 (1985)
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Z
:» ‘ V(x,t)z—;+E(t).x
-| —_— = = / Interaction
P Potentiel dipo|aire

I\

1 Energy

v X

E(t)

AI#
HHG j i | «:

3: Radiative recombination 2: Free e acceleration
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T

N A

NA
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M. Ferray et al., J. Phys. B 21 (1988)
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1
Principe d’incertitude: At o« —
Aw

Femto Atto

At =10 fs AT =100 as
Aw =0.18 eV Am = 18 eV

L3
0

I 3eV 10eV I 20eV

E photon

800 nm 80 nm

Spectres ultra-larges dans I'’XUV
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N
~ N ~ To/z
g 1077
S
L 6 =
) 10 ‘ g
5 s
o 109 | £
2 m i
o
104
50 40 30 20
Wavelength [nm] Time
Durée des impulsions atto: 7 = ﬁ

Train d’'impulsions attoseconde
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Intensity

30

&)}
T

Train d’impulsions attosecondes %

10

20
Frequency (o,)

30

aseyd |eJjoadg
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Phases aléatoires

2

I[(tH)=D_A,@)exp(—iwt+ip,)

Emission continue chaotique
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Train d’impulsions attosecondes @
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Frequency (o,)
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Dépendance lineaire: @5 = wqte

2

I[(tH)=D_A,@)exp(—iwt+ip,)

Emission attoseconde synchrone
(verrouillage de phase)
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2109
o N
S ®
L A7 @)
aloy 5 : | 2
‘5 o Dépendance quadratique: @4 = a wg
S, s
010 8
s ®
= 2
10 = 20 30
requency () I[(tH)=D_A,@)exp(—iwt+ip,)
N
= T>T..
-
g
= Emission attoseconde synchrone \
e (verrouillage de phase)
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Field

Durée du laser IR : 30 fs
=» Train d’impulsions atto
=» Peigne de fréquence

Time

Field

Durée du laser IR : 4 fs
=» Impulsion atto unique
=>» Spectre continu

Time

Besoin de laser IR de quelques cycles optiques
33
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Schéma pompe-sonde

Laser pulsé haute cadence

Grating l

Délai variable

— . R

(@) :

A '

o

Q

[ T

o +—>
(2}

<

p= Pulse deIayT>

T. Brixner, Universitat Wirzburg
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Focusing
Beam Mirror
NI splitter
R \ -
‘ A Gas cell Al
Q filter afurlrle:i ; At TOF-mass
FS wedges : =2 Mirror 1 ;

/

Xuv
Sub-300 as

NIR "‘ ‘.

Sub-4 fs

7

FS wedges
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Rabbit (Reconstruction of Attosecond Bursts by Interference of Two-photon Transitions)

Interférométrie quantigue

’;‘2 | : : |
) , ) , ) m | ]
"B RN > e J
g - : S (T) 1 i : :
oo - : 1 '
o ; : : ) ;
Ip > | ' ' i ‘ 3 Energ’y £
Hez == N O B 2
4 o= |
H, -1 > T NERE
3 | e 2
Hyez . fm— ; P . > 0
- H ' H :_.’ %
= 1
1.35fs
10 ﬁ “ A ﬂ 2
] 8 10 12 14 16 18 20
- pom— Kinetic energy [eV]
= 5 5

j M \/\J \A‘ I(t) = ZAq(t)exp(—ia)qt+i¢q)
0 .\‘ 4 . LY ; \\. : .,/. N

5 N timeffs] N P. M. Paul et al., Science 292 (2001)
7 \_/ ~ -
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Electron Energy Streaking and FROG-CRAB reconstruction

1 2

Srroc(Dt;)= | _.. :oP (t—t,)G(t)e" dt
45

H OO @

Norm. Counts
© © © ©

XUV-SAP

S N

25 30 35 40 45
Photon energy (eV)

-h
o

-
N

1 = = FROG-CRAB Retrieved
1 —— PROOF Retrieved

-h
o
Y

o
™

o

o
PR B _a__8 S &
o N & O ©

Phase (rad)

Pump-Probe Delay (fs)

o
FS

K. Zhao et al., T Ar3p

Opt. Lett. 37,
3891 (2012) L. Cattaneo et al., Opt. Exp.. 24, 29060 (2016)

Normalized Intensity

o
N

; A
NN

o
o

200 -100 O 100 200
Time (as) E. Cormier | Udppc | Pessac
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Mesure du champ
électrique infrarouge

20

EO =",

39

Time varying amplitude

100

M Schultze et al., New J. Phys. 9 (2007) 243

(¢)
/ X A

90

Energy [eV]

60

Delay [fs]

E(t) = Eoe_Gj cos(wt + @)
e T~

Time varying phase

E. Cormier | Udppc | Pessac



nstiTur =" Applications %

d'OPTIQUE

GRADUATE SCHOO L universite
“BORDEAUX

Dynamique de l'ionisation tunnel

Distribution angulaire des 1° pour 7 as
T ="7 électrons

. ' Keldysh parametery @ A =735nm/ ¢=0.87

O 2.47 1.69 1.39 1.19 0.97 0.78

| | | | | |
/-\ 30 @ VMIS, counterclockwise
® VMIS clockwise
= + O COLTRIMS, counterclockwise
I "\ 29— + © COLTRIMS, clockwise

@ TIPIS model, CTMC simulations

---------- 1T
: A Y WW*” H
A o °'+'°1°WH.

1 2 3 4 5 6 7 8
Intensity (1 0]4 W/cmz)
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Dynamique de transfer de charge dans CO,*
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2 0.961 fs 1011 fs 1.061 fs 1,098 fs 1141 fs 1186 fs
.88/88/88/88/88/29
5l @ o CACER R AR A

5 1.219fs 1.269 fs 1.306 fs 1.353 fs 1.39fs 1.45fs
%2202 89828
>_2 O o ' o

b-4-2024-4-2024-4-2024-4-2024-4-2024-4-2024

5 0.961 fs 1.011fs 1.061 fs 1.098 fs 1.141 fs
S
& 0
>.2

5 1.269 fs 1.306 fs 1.353 fs
5
&0
>.2

1 0 11 0 11 0 141 0 11 0 1 0 1
x (a.u.) X (a.u.) X (a.u.) x (a.u.) X (a.u.) X (a.u.)

He, L., Nat Commun 13, 4595 (2022)

0.2

0.1

Electron density (arb. units)

© o
o o
& ®
rb. units)

0.04

Electron density (a

Flux

c HOMO

&
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HOMO-1

HOMO-2

0.01 ¢
0
-0.01 — : : : .
1 1.1 3:2 1.3 1.4 1.5
Time (fs)
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