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Schwinger limit ~ 10**29 W/cm2)

Sunlight: 0.12 W/cm2

Time :                 t(a0)=24 as, 2t0=152 as
t(mc2)=1.3 zeptos



F Krausz,MPQ,MUenchen



-3 -2 -1 0 1 2 3

el
ec

tri
c 

fie
ld

 E
(t)

 / 
E

0 
an

d 
its

 e
nv

el
op

e

-1.0

-0.5

0.0

0.5

1.0

φ=0   

-3 -2 -1 0 1 2 3

-1.0

-0.5

0.0

0.5

1.0

time (cycles) 

φ=π/2

-3 -2 -1 0 1 2 3

-1.0

-0.5

0.0

0.5

1.0

φ=π

cos(ω t ) -sin(ω t )

-cos(ωt)

1 cycle =2.66 fs 
for λ= 800 nm

time (cycles) 

0E(t)= ( ) cos( )t tε ω + Φ

F Krausz, Science 305,1267(2004)

x

x

x

x

x

x



•Phys. Rev. A, 70, 013815 (2004)

•Opt. Lett. 29, 1557 (2004)









P. B. Corkum, PRL,
71, 1994 (1993).

T. Zuo and A. D. Bandrauk,
PRA, 52, R2511 (1995). 





ADB,S.Barmaki,GKamta

PhysRevLett 98,013001
(2007)

KJ Yuan,ADB
PRA 80,053404
(2009)



Nature 417, p. 917 (2002)



z  (b o h r )
-1 5 -1 0 -5 0 5 1 0

-2 0

-1 5

-1 0

-5

0

I= 1 0 1 4  W /c m 2  
I= 2 X 1 0 1 4  W /c m 2

E ( t)

φ
l
= 0

blue electrons will 
return 

z   (a .u )
-8 -6 -4 -2 0 2 4 6 8

Le
 p

ot
en

tie
l (

eV
)

-2 0

-1 0

0

1 0

V (z ,ρ )= −e 2 /[z 2+ρ 2 ]1 /2

harmonic order
10 20 30 40 50 60 70 80

lo
g 10

 p
ow

er
 s

pe
ct

ru
m

-18

-16

-14

-12

-10

-8

Cuttof at:

at
p 2

16 2
at

I / I
[ 3.17 ] /  ,   U ,

4

I 3.51  10  W/cm .

cut p p L

L

n I U ω
ω

= + =

= ×

Semi-classical model, by  P. Corkum 
(1993),t

ADB et al,J Mod Opt 52,411(2005)

(Vo =0)

(Vo > 0)



S
in

g
le

 f
s

p
u

ls
e

Fs + asec pulses

6x1013 W/cm2

20nm



2 1

1
a t t o s e c o n d

ω ω ω

τ
ω

∆ = −

→
∆

!

( ) ( ) ( )a t t H r tψ δ δ ψ= −

= 3 Angstroms(10**-8cm) / c(3x10**10cm/s-1))











6.4 6.6 6.8 7 7.2 7.4 7.6

0.5

1

1.5

2

2.5

x 10
−21

Time (femtosecond)

In
te

n
s
it
y

1 attosecond pulse − filtering around a maximum

6.2 6.4 6.6 6.8 7 7.2 7.4

1

2

3

4

5

6

7

8

x 10
−23

Time (femtosecond)

In
te

n
s
it
y

2 attosecond pulses − filtering around a minimum

0 5 10 15 20 25 30 35 40 45
10

−22

10
−20

10
−18

10
−16

10
−14

10
−12

10
−10

Harmonic order

Tr
an

sm
itte

d e
lec

tric
 fie

ld

Transmitted electric field harmonic − Short propagation

Filtering around 
a maximum

Filtering around 
a minimum

Two (minimum) or one (maximum) attosecond pulses



ADB et al,J Molec Str. 735,203(2004)

Goulielmakis,Krausz (2009-2010)



Yedder, LeBris, Chelkowski, Bandrauk, PRA 69, 041802 (2004)

((Bartels,Murrnane,Rabitz,PRA 70,043404(2004))



Phys Rev Lett( 2008,)101,153901
J Phys B 42,075602 (2009)



Équation de Schrödinger dependant de temps pour une molecule H2

éxposée au champ laser intense decrit par : E(t)=(t) cos(Lt)

(polarisation linéaire)
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La dynamique de 4-particules:
p+p+e- +e- décrite par l’éq. de
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Thus, very similar expressions determine electron and proton acceleration.
For electrons:

1 2( , )elF F f z z+ −+ = is an odd function with respect to the inversion

1 1 2 2,  z z z z→− → − leading to odd harmonics, whereas for protons

1 2( , )protF F f z z+ −− =
is an even function with respect to the inversion

1 1 2 2,  z z z z→− → − leading to even harmonics.
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Measuring electron wave packets

1. Attosecond pulses are fast enough to observe 
electron wave packets.

FP1To exploit attosecond technology 

Yudin et al, Phys Rev A 72, 51401(R) (2005)

2. Electron wave packets are resolved
through changes to the photo-
electron spectrum as a function of 
pump-probe time delay.

3. The attosecond pulse projects the 
momentum distribution into the 
continuum.

J. Phys. B39, S409 (2006)
“Observing Electron Motion in Molecules”

SChelkowski,ADB



Rev Mod Phys, 81, 235 (2009)



Circular polarization Excitation at 800 nm

H

H

Electron Whirlpool – Tourbillon Electronique –
Elektronischer Wirbel ( J  Manz- FU Berlin )

I=10**14 W/cm2









KJ Yuan & ADB,,PRA 80,061403(2009) ,,PRA 2011





Attosecond photoionization of a coherent 
superposition of bound and dissociative 

molecular states: effect of nuclear motion 

by

André D. Bandrauk,

with  S.Chelkowski, G.L. Yudin,
Université de Sherbrooke,  Canada

P.B. Corkum (Ottawa),
J. Manz (Berlin)

J Phys B 42,134001 (2009)
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by the pump shown below:

Decoherence ?: see Zurek, PRD 47,488(1993)
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CREI∼ Rc ~  4 – 5 Å



1.40 MeV3 UP

λ = 800 nm

I – 3 x 10 22 W/cm2



26 X 10 -14 m)
E~1/2 MeV

= 460 asec

∆t~10-18S

=attosecond

(10-15S)

PRL 93,083602(2004) ; ADB,G Paramonov,AIP Conf Proc,1209,7(2010
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Mathematical Problems

1. High order SOM
2. Multiscale time frequency analysis
3. Infinite D Optimal Control theory
4. High order NLSE
5. Relativistic QM
6. Molecular movies

(Dynamic Imaging of Electrons-Nuclei)

(Bartels,Murnane,Rabitz,PRA 70,043404(2004) ;ADB et al,PRA 69,041802(2004))





High-Energy QED: Real and Virtual Pairs

  
 
 
  
  

Courtesy of

CH Keitel(MPI,hdb)
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