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Direct-electron SFA in brief
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Evaluation by stationary phase:
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the (complex) solutions t = t, determine the tunneling times



Saddle-point approximation to the SFA

27
M s
pOCZ\/S ”(t)

p S

eXp[I(I Pts T Sp (ts )]<p _eA(ts) |V | WO>

form factor

S, =~ jdrlp—eA(0)]
2m

t =t, (complex) saddle-point solutions

approximately p - eA(t,) =0



M(p)= > a.(p)exp[iS.(p)]

orhits =

cf. Feynman’s path integral

2 Saksres =t al., Science 292, 002 (2001)

The quantum orbits are defined by the solutions (¢, . k) (s = 1,2,...) of the
saddle-point equations:
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X(t=ty) = 0, but Re [x(Re t.’)] different from 0
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Examples of direct quantum orbits
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One member of a pair of orbits experiences the Coulomb
potential more than the other (see later)



Generalized Keldysh theory: Rescattering (cont.)

an alternative expression:
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in the last line, may replace
Vir) — V. 1) going beyond the SAEA
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restored ,hard” Coulomb effects in first-order Born approximation



Hydrogen H(1s) ATl spectra via TDSE and SFA
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Yield (arbou)

Origin of interferences: short-range potential

r'r |r|
10-2 - w’\" jf\‘,I
R
-
i
10~ : . 1
: 1
|
o
I ::I
10-¢8 'lv.
.']Pu
==l
VR
o |
10Q-8 & :II
k) A
+ 11
hl
il
1010 '!' 10-10
il
1|:|'12 pel sl i |:| 1[:_'2 i
ot 1.0

Photoelectron energy (a.u.)

0.1

1.0

solid: TDSE
dashed: SFA

TDSE:
Coulomb potential
cutatr,.=2a.u.

SFA:;
Yukawa wave
function

Interferences are not an artifact of the SFA



Interference of the two solutions from within one cycle

(includes focal averaging)
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The attosecond double slit

Lll

one and the same atom can realize the single slit and the double slit at the same time

F. Lindner et al., PRL 95, 040401 (2005)



Single slit vs. double slit by variation
of the absolute phase

A(t) = A, e, cos?(rt t/nT) sin(owt - ¢)
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Theory vs. experiment:
The Coulomb field IS important
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Backward-forward asymmetry for a few-cycle field
as a function of the absolute phase

R = [W(left)-W(right)[/[W(left)+W(right)]
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Physical consequences of the Coulomb field

mon?lg:'tltum X 2 @ If the Coulomb field is
A ignored, envelope 1

yields backward-forward
symmetry.

Due to Coulomb refocusing.
-1 the later orbit is preferred,
violating b-f symmetry

x(1) - The envelope 2 weakens
][ NS — the contribution of the later
tunnel + exit-------- ’ “\" Ol’bit and restores

| = |
| \ b-f symmetry.
strong Coulomb

L] L] " L] -H-L
interaction with ion

argument explains the sign of the symmetry phase ¢ =-0.3



Electron-electron Coulomb interaction in the final state
of nonsequential double ionization
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Two-electron Volkov state:

B = R 0) @ [ 0)

x 1Py (=i, Li(|pllr| — p - x))e™™/20(1 + iv),
P=(p1—Pp2)/2,r=ry —12,7=1/(2|p|)
Note: Coulomb repulsion affects r; — ro, laser fi eld couples ton + r»

F.H.M. Faisal, Phys. Lett. A 187, 180 (1994); A. Becker, F.H.M. Faisal, PRA 50, 3256 (1994)
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