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FRTEE High-Harmonic Generation:Anne L'Huillier (1987)
Cx: Photoelectron Emission
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Paris-Saclay ‘

Experimental setup at Saclay to measure the light
emitted during above-threshold ionization expernments

A. L'Huillier et al,, in “Atoms in Intense Laser Fields ',
edited Gavrila and Muller, (Academic Press, 1992
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High-harmonic generation in Xe using a 30 ps,
1064 nm laser focused to ca. 10** W/em? + similar observations around the
time in the Rhodes-group using 248
M. Ferray et al., J. Phys. B 21 L31 (1988) nm driver lasers
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HIGH HARMONIC GENERATION

The emission of radiation occurs when a linearly polarized ultra-short electric

C—\? field is focalized onto an atomic or molecular gas target.
CONICET
¥ 3
The maximum kinetic energy of the photon (ii) is: ﬁa)c ~3U . +1 o
Rulliére, Femtosecond Laser Pulses:
g Principles and Experiments, Chap. XIII,
-3 Springer (2005).
',3’ Decrease
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* The radiation spectrum consists of lines separated by 2w and only the odd orders
are present @, = q@ = (2n + |) o.
* The efficiency decays fast for low orders (perturbative), followed by a plateau
(non-perturbative) and then decays also very fast from a cutoff frequency o, .
wcosa THE THREE-STEP MODEL
UBAEXACIAS A il 1IN EL"wi=r IY: 41
IEY, T LR O
—~— P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993).
o ' 17
('0\: - '\ 1. Laser field suppresses Cou- 2. Free electron gains momen- 3. Electron can recombine with

lomb barrier, thus electron
can tunnel out of the atom

tum in laser electric field

parent ion and emit a photon
of higher energy
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tumeotfss - THE THREE-STEP MODEL (cont.)
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: Semiclassical Model: Paul Corkum 1994

LONICEY |, Tunneling ionization at time t,: The ionization probability was calculated

by Ammossov, Delone and Krainov. 3/2
-2(21,)
Wdc p

3E(t,)

¥ 3

lonization takes place during a
fraction of a femtosecond:
hundreds of attoseconds

lonization rate (arb. u.)
o

E(t)

4
t (fs)

bumensiia  THE THREE-STEP MODEL (cont.)
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Semiclassical Model: Paul Corkum 1994
O

ctnicor 2. After ionization, electron motion is subject to the external electric field.
Eoa The core potential is neglected. When the electric field changes sign, the
electron eventually can go back near the core.

2(t) =k + A(t) = A(t) - A(t,)
() = j At')dt' — A(t,) (t—t,)
2(t) =a(t)—alt) - A(to)(t _to)
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tuimendeisn  THE THREE-STEP MODEL (cont.)
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3. When the electron collides with the parent ion, it can (i) rescatters

elastically or (ii) recombine. In (i) there is emission of electrons,

whereas in (ii) emission of radiation.
¥ "

The recombination conditionis  z(t,) =z(t,) =0

= a(t,) = alt) + Alt,) (t, —t;)
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patmen e THE THREE-STEP MODEL (Cont.)

.| We can find the kinetic energy at recolission time as T 22(t, (t,))
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& Tkin(to) and Tkin(tr) :
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de Bohan, Ph.D. thesis
(2005).
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Semiclassical Model: Paul Corkum 1994
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Fic, 2.5 Energie cinétique acquise par les électrons i lour retour an noyan en fone-
thon de lear phase carnctéristigue correspondant au tetags de retonr des Sectrons,
G=wT =W x (= 1) Une wonw fnergie cinétique correspond & dewx temps de
retonn sur une deani-période conventionnellement notés 7y (tenips de retour 1o plus
court | et 7o {temps e retowr le |||u-. long )
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e i THE THREE-STEP MODEL (cont.)
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L A DL Coulomb potential modified
Ty, by optical field

N R e 3

CONICET ||“ Acceleration by
S Radiation of harmonics by ~ ©Ptical field (step 2)

recombination (step 3) 22
e

= Potential induced by
optical field

Coulomb potential
of atoms

Potential energy -

Tunneling ionization (step 1

The emission of radiation occurs when a linearly polarized short electric
field is focalized onto an atomic or molecular gas target.
An elliptical polarized laser produces neither HHG nor rescattering

e=ha, =Ty +1,

The maximum kinetic energy of the photon (ii) is: ha)c =3.17U ot | 0

meona QUANTUM HHG

L A D & . . .
Simulation of wave function

Mt (g) (b)
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https://www.google.com/search?sca_esv=2b629f2852664d00&sca_upv=1&sxsrf=ACQVn0_Ye2fUQ7G-lD--qp5mieuqHk0IqQ:1714761497635&q=high+harmonic+generation&tbm=vid&source=lnms&prmd=ivsnbmtz&sa=X&ved=2ahUKEwjxpMOvkPKFAxU5pJUCHbenCkwQ0pQJegQIDhAB&biw=1160&bih=926&dpr=1#fpstate=ive&vld=cid:4c51501f,vid:8fDfpe94R7k,st:0
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| ) S LR .
= *We calculate the mean value of the dipole moment.
Ol

=5 d (1) = (w(t)|er | ¥ (D))
In the Lewenstein’s model:
P (1) =e"*|[i)+ [ db(,1)[v)
=d®)=(i|F]i) +[dWb@1){i|F|V)+cc+[dV[dvb’(7,0) (v

0
(symmetry of no continuum-continuum transitions
the ground state)

F|V)b(7,1)

t
b(V,t) = —ij dt’E (t')d*(\7)e“5(tyt’)
0

d(t) = —ij'dt’ Jdic d (i + AM)E()e *“d" (k + At)) +cc.
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Taama e  Lewenstein Model (cont.)

[ A0 E t
o [dt'[dk d(k + At)e *“VE(t)d"(k + At")
; 0

¥ D

The integral must be read from right to left:
d™(k + A(t")) =(V|F|i): atomic ionization
e 1 evolution of the electron in the continuum

d(K + A(t)) = (i|F|V): recapture of the electron

N N 2
S(t,t')=—jdt" [k +A2(t )] 1,
)
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Ipme i Lewenstein Model (cont.)

.~ change of variables:z =t -t (flight time)

CONICET t

© 0 ifdefdk d(K + Ag)e SR -7)d (K + At-1))

We solve the integral within the saddle-point approximation.
If the phase S changes a lot, then the positive and negative values
will cancel out.The only surviving part is:

5S (t',t) =0 = ¥S (|Z’ t,t— Z') = Principle of least action

e i Lewenstein Model (cont.)

| SIEY, S B8

CONICET

el d(qw) = 4= [ dt d(t)e™

Then we must Fourier transform:

g=hqo=T, +1, iff vt-7)=0 (SMM

= Epax = My @ =T +1, =3.17U  + 1
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- * There is an XUV emission every laser semicycle T/2.
ctixicoy * The phase corresponding to each XUV is locked to the fundamental phase.
— . * The sign of the laser field changes every semicycle => XUV field changes.

In conclusion, the real periodicity of the harmonic emission is T
with periodicity T/2 for the intensity

The total XUV pulse emitted with frequency o is:

d(qe) = [ A"t

Summing over a lot of semicycles:

d (qa)) o Z Aqw qw(t+nT/2)+<pq)
o Aqw qw“% Ze—i(qwnT/Z—n;z)

* The first factor corresponds to an oscillating wave with frequency qo

meama . Quantum Considerations
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measa . Quantum Considerations
LA v * The second factor corresponds to an amplitude:
™ Ni(awT /2 geometrical sum
CONICE 1—e i(qoT /2-1)

Y] Ze—i(quIZ—ﬂ)n _

1— efi(qa)T 12-7)

iarrz—n SIN[ N (q@T /2-7)/2]

:e’(N
sin[ (qaT /2-7)/2]

The square modulus

. N 5(qa)T [2-7 _nﬂj Conservation of energy
—w© 2
qoT /12-x
= —=Nx
2
(2n+1)7r 2
= qw= =(2n+1)—
qo=—7r—=( n )T
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s Quantum Considerations
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* To calculate the harmonic generation exactly the TDSE must be solved
numerically and then calculate d(t) and Fourier Transform.

* The propagation in the media must also be considered.

Some people also use the acceleration of the expected value of the dipole:

d() = %(‘P(t)|?|‘{’(t)>

HHG is useful for the generation of an attosecond pulse source.

e Quantum Considerations

CONICET
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e Quantum Considerations

g POLARIZATION GATING

- ¥ D3

flg. 1. Polanzation gating based on two hiselringent plates. ¥ indicates the angle between the polanzation axes off
the Hincarly polarized incident palse (FWHM = 1) and the ases of the first thck plate. The ordinary s
extrordmiry components of the pulbse sequire o lemporal debay & f » the angle between the mitial polarizition)
direction and the wxis of the aro-oeder quarter waveplate, ¢, and vy mdicates the me pate window und the
threshold ellipticity. respectively

e MACROSCOPIC ASPECTS

L A 0o Phase matching
?;;a”, Many-atom response

Y

Maxwell equations == Wave equation

2 2
V2 - _l_ ﬂ = _|-£_'_£1
o 202 e N2

Generated Medium

field Polarization
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s MACROSCOPIC ASPECTS

Pkl (8} gm

" d I Phase matching  v;=— Vo=
coviesr ) kl kq

Progress in understanding: Strong field nonlinear optics 0]

P, elikaz Eq X e'kes

Ak =gk —k; =0

08 |

ol
o

Ak = Akd’,,p + Aklu(' - Aki =1

Electron
trajectory

Dispersion Laser
focusing

Tiws profie (ort, usity)
o
-

» One attosecond pulse per laser
half-cycle

» Phase-locked [synchronized)
harmonics

o4 08
Tiwe (optical pericd)

Antoine et al Phys, Rey Letr. 77, 1234 (1996)
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MEASUREMENTS OF
ATTOSECOND PULSES

Attosecond pulses were demonstrated (2001)

Pump-probe experiment: XUV+IR

In Paris-Saclay, the Agostini’s group produced a train of pulses %
with a duration of 250 as using argon as the target gas.

1)

RABBIT: Reconstruction of
Attosecond harmonic Beating By
Interference of Two-photon

transitions E=E,,,
- E=0

‘I)

o

&

g (2Zm-1)o

SF

(b) RABBrI’ l i ed
10 1 0 |l) E=-

ln)t I (2 )
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JUBAEXACIaS A 11D : »
R 7" = A+ Beos(20+ 4)
O : F(ny) Finz)
CONICE 0 = @y — Pp—1 + arg /,,,_1] —arg [,:.,-']

HH > 23 .

atomic
SCIENCE VOL 292 1 JUNE 2001
Observation of a Train of

photoelectran spectrogram Attosecond Pulses from High
Harmonic Generation

PM P E S Toma’ P Rroger,' G Mullot,” 5 Augh*
Fh Balcow," MK G, Muller,™ P Agostin'

IR-EUV pulse defay 3 (fs)
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UBAEXACIAS A y <' =
. & o =/ InVienna,the Krausz’s group produced isolated pulses of e
. : \‘[ 2
x duration 650 as. ;" >
CONICE ° W
T ¥ o Attosecond streaking
Ag
S L .
0L B 5 : ) Ty < TIR They used spectl.*al ﬁlt.erlng to s.elect
. '\ relevant harmonics with a multilayer
j /\«, f\ XUV mirror. Then they measured the
al \R [\ [/ \\ kinetic energy spectrum of 4p
—\ / | | [ [ \\ :
X/ j \/ / - photoelectrons ejected from krypton
: \ /" atoms under simultaneous irradiation
| by 90 eV photons and the light pulses at
* 750 nm from the drive laser generating
— 5+t the harmonic radiation (streaking).

Time (fs)
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UBAEXACIAS A NATURE | VOL 414|209 NOVEMBER 2001 | www.nature.com

—Attwecml metrology
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E. Goulielmakis et al, Science 305, 1267 (2004) Tima ftaj
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