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Basic regimes in strong-field ionization

multiphoton regime tunneling regime

Keldysh parameter
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[from L. Arissianet al., PRL105 133002 (201Q)



Three-step model, HHG and atosecond pulses

IIIII

3. recombination and photon emission

...................................................................................................................................................................................................
D

1. tunneling 2. propagation and acceleration
in the laser field

short femtosecond pulse— HHG —— production of attosecond pulse

P. B. Corkum, PRI71 1994 (1993)
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Static Stark shifts

To second order in field strendt the total energy of the molecule/iBM" is

EM/AEY = pM/L(0) — yM/T.p _ 1pT  M/Ig
2

uM' —dipole moment a™' — polarizability tensor
EMI(0) — field free total energy

lonization potential

1
I(F)=FE - EM = 1,000 + Ap - F + 5FTAaF
Ap=pM_pyl Aa=aM-al

lonization potential becomes function not onlyFf put also on the
relative orientation oF with respect tazu andAa.



Adiabatic ansatz

In cases when the field is slowly-varying, we use @diabatic approximation.

Then a (many-electron) bound state) evolves according to

exp (—z’/jx dt’E(F(t'))) W)

The Stark shifts enter in the exponent of the ftexmsamplitude in the
perturbation theory and in the SHA. Dimitrovski et al., PRA 82 053404 (2010)]

The tunneling theory is corrected to account fer$tark shifts by modifying
the binding energy in the tunneling exponent, st th

3
exp (-2’{319?)) , where k(F) = \/2I,(F)

D. Dimitrovskiet al., PRA 830523405 (2010)




Asymmetry
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L. Holmegaardet al., Nat. Phys6, 428 (2010)



Comparison between theory and experiment

a arb. un]its b C

-0.5

1 T T T ]
0.010+ calculated 1 05
. ko
-~ i experimental | :
= 0.5 @ \ =
) .= J 1 ]
< 2 | <
g 0 S 0.005| z
g g , g
s -0.5 % J s
0.000 ' - : 0

arb. units

04

0.2

05 0 0.5 0 9% 180 270 360 0.5 0 0.5

Momentum p, (a.u.) Azimuthal angle (°) Momentum p, (a.u.)

C,H:N (exp) C;HsN (theo)

0.008 21 ®
E=
0.006F 5 4 =
h g
'_ A, 3
0.004 ¢ . [\ .
- £
| p—
ooo2t / 8
002t 3
E 2
5560 o G, Faet AF e
0 60 120 180 240 300 360 %

asymmetry for OCS: 0.651 (0.64)
asymmetry for CH:N: 0.52 (0.55)

Q
Qiheo = arctan(2w/+/mFyk) >~ 18.8°

=18°+1°

exp



Multielectron effects

Time-independent Schrodinger equation for a n-eactystem

n
EMF)v, = (Z (Hj+r;-F)+ Vg;) v, , where

j=1

H; = —(1/2)V: - ¥5, Z;/|R; — 1y
R, - nuclei coordinatesZ; - nuclei charges.

Vie = YL.1/lr; — rj| - electron-electron interaction
Born-Oppenheimer-like ansatz is employed to death@ motion of

(a) the residual, fast electrons — coordinates..., ', —1

(b) the slow electron that tunnels out — coordinate
T. Brabecet al., PRL95, 073001 (2005)

D. Dimitrovskiet al., PRA82, 053404 (2010)



Decoupling of slow and fast electronic coordinates

Wi (ry, .o, ty_1,tn) = Wy _1(r1, ..., Tp—1,Tn) @ We(rp)

I'n is adiabatic parameter iw,_1(r1,...,r,,—1;1n)

The equation for the tunneling electron is

1
—Ip(F)W; = (_EVQ -+ Vef(rn; F)+4+rn- F) Wy

Vet is the effective potential



The effective potential

Z L4l ) T
Vef(rn; F)= ——— (I"LT i “énd) n
i ™

58 %dTaI d

7 = m—n-+1-ioncharge m = Z,’le Z; - nuclear charge

d = r,/r> is the effective field felt by the residuall electrons

from the action of the outgoing tunneled electron.

k R)-r : ,
L4 (Zi=1£IRZ) - permanent dipole of the ion

=

iiq = a'F. induced dipole of the ion

D. Dimitrovskiet al., PRA82, 053404 (2010)
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Attoclock principle

Attoclock: angular streaking technique Field
involvessingle near-circularly polarizetemtosecond pulse .'I
1
_ 1 A £ : R '

F(t) = f (t){ NP codat + e 8, +ﬁsm(wt + ooy

time zero: time when the electric field points along the mager a

Measurement:
Momentum distribution of ions
(electrons) in the polarization plane

[from A. N. Pfeifferet al., Nat. Phys. 7, 428 (2011)]



Offset angle

Without the Coulomb potential Experimental

5%10"3W/ecm?2 1x10"*Wrem? momentum distribution

o S

Maximum search

d, ina.u. a, ina.u.
With the Coulomb potential

5.0x10"*W/cm? 1.0x10"*W/cm?

qxln a.u. qxln a.u.

[from J. Phys. B 42 061001 (2009)]



Attoclock experiment
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A. N. Pfeifferet al., Nat. Phys. (accepted 2011), DOI:1038/NPHY S2125




Extracting the experimental offset angle
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Extracting the experimental offset angle
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Extracting the experimental offset angle
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Extracting the experimental offset angle
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Mapping emission time to offset angle

Mapping can be accomplished in the tunneling regime, using a semilassatel.

d°r
First step tunneling, then propagation of classical trajectori@ = —F(t) UV (r))

Advantage: no rescattering with the parent ion for circularly andaueararly polarized
pulses

Field-direction model: only the potential along
the field direction is considered.

The tunnel exit point is found from

F()z+V4(2) =1,

The underlying assumption: the potential
in the transverse direction is constant.




Field-direction model: trajectories

Weak fields: increasing
intensity, the offset
angle 0 decreases.

Strong fields:
increasing intensity, the
offset angle 6
increases.

The opposite trend is

observed in the S N S

v 30.6°

experiment. 4 . .
-2 0 2
X (nm)

well below the barrier close to over the
barrier (OBI)
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Parabolic coordinates, separated problem
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separates in parabolic

coordinates

Analytic treatment of tunneling in 1D barrier alomng
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Parabolic coordinates, induced dipole term

(—%A +V, (r,F)+F [ Jtﬂ ==, (Fy does not separate in parabolic coordinates

For atoms V, (r,F)=- Z _ a'F Expanding V(Fr) in the limit /n<<1, the
’ S T r3 separation is possible.

dzf(l7) _Ip(F)_ . —
an? +2( i V(U,F)jf(ﬂ)—o

The n part of the wave function satisfies

V(n,E) =- 4y ZIZZ(F) '2) —%UF + m82/7:1+ OI;ZF
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Exit of the tunnel (nm)

Comparison with experiment (Ar)
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Conclusions

*The multielectron effects are quantified by simpledel

*The natural coordinates of the laser-induced tlingeurrent
flow are the parabolic coordinates; experimentalficanation of
the tunneling geometry.

*The present findings indicate that over-the-bain&nsity for
atoms might be larger.

» The force terms identified here contribute to ti@e precise
description of the tunneling step and post-ion@atilynamics in
strong fields.



Outlook

eAngular shifts for molecules?
eQver-the-barrier ionization?

Modification of orbitals in strong fields: can wie better
to estimate the influence of the field beyond tfiective
potential?

 What if the field is not adiabatic?



