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PHOTOELECTRON SPECTROGRAMIN XUV + IR

One photon absorption from XUV comb + dressing by laser field

XUV before XUV after

Photoelectron energy [eV]

Relative delay [fs]
Redistribution of three harmonic peaks due to laser dressing:
Formation of sidebands. (Courtesy Marcus Dahlstrém)
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HOW IT LOOKS IN REALITY
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WHAT DO WE HAVE TO DESCRIBE?
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WHAT ARE THE CHALLENGES AND OPTIONS?

@ Should we solve the time-dependent Schrodinger (Dirac)
equation? Heavy!

@ Or use perturbation theory (one, two, three ... photons) ?
Complicated if many photons are needed!
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WHAT ARE THE CHALLENGES AND OPTIONS?

Should we solve the time-dependent Schrodinger (Dirac)
equation? Heavy!

Or use perturbation theory (one, two, three ... photons) ?
Complicated if many photons are needed!

o We are interested in many-body system. What sophistication
of the many-body treatment do we need?

@ How to treat the coupling to the continuum?
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NEEDED TO DESCRIBE ONE-PHOTON INTERACTION?

AFTER 50+ YEARS WITH PHOTOIONIZATION WE KNOW THAT
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Argon 3s photoionization, Exp. Mobus et al. Phys. Rev. A 47, 3888

(1993)
one-particle models, as Hartree Fock, are insufficient!
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NEEDED TO DESCRIBE ONE-PHOTON INTERACTION?

AFTER 50+ YEARS WITH PHOTOIONIZATION WE KNOW THAT...

1—photon o [Mb]

30 40 50 60 70
XUV photon energy [eV]

Argon 3s photoionization, Exp. Mobus et al. Phys. Rev. A 47, 3888

(1993)
. adding single excitations, Cl singles/RPAE forward, is often not

enough. (RPAE=Random Phase Approximation with Exchange)
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NEEDED TO DESCRIBE ONE-PHOTON INTERACTION?

AFTER 50+ YEARS WITH PHOTOIONIZATION WE KNOW THAT...

1—photon o [Mb]

30 40 50 60 70
XUV photon energy [eV]

Argon 3s photoionization, Exp. Mobus et al. Phys. Rev. A 47, 3888

(1993)
.. RPAE, however, gets the cross section more or less right!

(RPAE=Random Phase Approximation with Exchange)
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COOPER MINIMA?

THE REGULAR SITUATION
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Leads to a monotonically decreasing one-photon matrix element

M (k)= (k|z|3p)
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COOPER MINIMA?

THE REGULAR SITUATION
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Bound state versus Continuum. Here 3p in H and photoelectron ~ 4 eV.

MY(R) = (K| z|3p)
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COOPER MINIMA

VERY DIFFERENT SITUATION FOR AR
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Bound state versus continuum. Here 3p in Ar and photoelectron ~ 10 eV

MY(R) = (K| z|3p)
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COOPER MINIMA

VERY DIFFERENT SITUATION FOR AR
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Bound state versus continuum. Here 3p in Ar and photoelectron ~ 40 eV

MY(R) = (K| z|3p)
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COOPER MINIMA

VERY DIFFERENT SITUATION FOR AR

Matrix Element[a.u.]
[=)

[o] 20 40 60 80 100
photoelectron[eV]

Leads to a vanishing one-photon matrix element for certain photoelectron
energy

MY(K) = (K| z|3p)
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THE DIAGRAMMATIC PICTURE

- AN

@ Goes under the name Random Phase Approximation with
Exchange

o Alternatively (and better!) Time-dependent Hartree-Fock.

@ What physics is included: Channel coupling, ground state
correlation.

@ equivalence betweenr-E & p- A
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THE COUPLING TO THE CONTINUUM

@ The perturbed wave function
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THE COUPLING TO THE CONTINUUM

@ The perturbed wave function

: | p)(p|eEy-r]|a)
e=0t - €a+ hw —€p + ic
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THE COUPLING TO THE CONTINUUM

@ The perturbed wave function

: | p)(p|eEy-r]|a)
e—0t 5 €a+ hw —€p + ic

When the photon energy is high enough there will be a pole!

Pole-contribution (— isin(...)) +
Principal value part (— cos(...))
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THE COUPLING TO THE CONTINUUM

@ The perturbed wave function

. |p)(p|eEy,-r]| .a) oo Ailkr+E In2kr—t5 ++9)
=0+ 7 €a+ hw —e€p +ic

When the photon energy is high enough there will be a pole!

@ But the Cauchy formalism is
not easy to combine with a
numerical many-body
formalism.

Pole-contribution (— isin(...)) +
Principal value part (— cos(...))
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COMPLEX ROTATION

@ Impose outgoing boundary conditions:
r— Ro+(r— Ro)e', forr > Ry, (Ry > 0)
Balslev & Combes 1971, Simon 1973, Doolen, Nuttal, & Stagat,
1974 ...

o ekr — efkre” 5 0 for r — 0o

o H — HY Non-Hermitian with H'V = E%v, E? complex

DILATATION TRANSFORMATION,
H->H{(8)

o (H) o (H{8))

/-—THRESHOLDS——\
—
—_— ) P X
BOUND = BOUND
STATES \ STATES \X
RESONANCE RESONANGE
(HIDDEN) (EXPOSED)

From Reinhardt, Ann. Rev. Phys. Chem. 1982
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COMPLEX ROTATION
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COMPLEX ROTATION
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Outgoing wave function: Re [p], Im [p]



LASER-ASSISTED PHOTOIONIZATION

THE EFFECT OF THE LASER FIELD

T‘G‘ final scattering phase:
;‘ eznk
'E final state: e One _—
k photon
1 N ei(kr—t—éankr—}—nk),
Attosecond pump: ) T = ﬁdn/dE
A intermediate scattering phase plus

continuum-continuum phase:

ei(nn +¢CC)

e Two (or more)
photons:
Additional phase!

Time [as]

Probe field: w
K

Attosecond pump: )
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Now RPAE wiTH TwoO PHOTONS

THE DOMINATING CONTRIBUTION

(a)

LW Wk

Dahlstrom et al. Phys. Rev. A 86, 061402 (2012)
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CALCULATING OUT OF THE BOX...

Re Rp
T

o We need:
** Radial position (wnitsofay M ~ (K|E, ¥ 1p(Q))
Outgoing wave function: Re [p], Im [p]
4 Str]
R+ig o Exterior complex
A+ scaling
@ 2nd photon: Inner
)cn R Re  Rp :R[r] region numerically
c. o & Analytical
YR—if calculation from R

along imaginary axis
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CONTINUUM-CONTINUUM TRANSITIONS

separate the contributions
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— Atomic delay
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Now RPAE wiTH TwoO PHOTONS

L AN
S0 el Jf
L Wk @m ‘v =@ TN

Dahlstrom et al. Phys. Rev. A 86, 061402 (2012) Vlnbladh et al. Phys Rev. A 100 043424 (2019)

@ Refined experimental studies - finer details play a role
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RESONANCES MAKE A DIFFERENCE!
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WHAT ARE WE MISSING

WHEN WE JUST LOOK AT THE CROSS SECTION (I.E. THE AI\IPLITUDE)?

t=co @ As soon as the
resonance is
populated it starts to

decay
tfs) s 1s 1 o The picture of a
' Elau) time-isolated
He: 2s2p'P. Argenti et al. excitation process and
PRA 87 05340 then a decay is a

simplification
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TIME-DEP. SCH. EQ. SIMULATIONS:

AUTOIONIZATION
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@ But how can such dynamics be measured?

o Let's look at another system!
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UNUSUAL PARTIAL CROSS SECTION CLOSE TO XENON

4D THRESHOLD

Partial Cross section Ratio

16, 3.0

14t —  ddy, -
—_ - 2,51 Cross section from Xe 4d5/2 versus 4d3/2
§ 12| — 4d; !
210 v
< £20
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& 6 Non-rel ratio
o 1.5
o
g4

2 1.0 :

o= . . . . . . 74 76 78 80 82 84 8 8 90
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Photon energy [eV] Photon Energy [eV]
Seen also in Exp:Ausmees

Threshold 67.5/69.5 eV 4ds 5 3/ P

et al PRAS1 855 1995
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PHOTOIONIZATION FROM XE 4D - THE (GIANT

RESONANCE

Potential Energy [eV]

100 150
Photon energy (eV)

Becker et al PRA39 3902 (1989).

— Effective potential for f-electrons
- - without the centrifugal part

~ Effective potential
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LOW ENERGY ELECTRONS “COLLIDE”

WITH THE POTENTIAL BUMP

Prob. Current
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0.1+
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—  4d5/2 E=3.3eV |
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— Effective potential for f-electrons
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2eV

67.5eV

i (O o |
2m par p@r Xe

Xe*4ds, ! Xetdds,?
o Negative Prob. Current = Qutwards

e and the 4ds ), current goes first inwards..



LOW ENERGY ELECTRONS “COLLIDE”

WITH THE POTENTIAL BUMP

hQ) ~ 73.5 eV

n — Effective potential for f-electrons
0.2 - - without the centrifugal part
. . ’ ’ . . =
—  4d3/2 E=4.0eV =
0.0 —  4d5/2 E=6.0eV | 2
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o Negative Prob. Current = Qutwards
e and the 4ds ), current goes first inwards..
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LOW ENERGY ELECTRONS “COLLIDE”

WITH THE POTENTIAL BUMP

hQ) ~ 78.5 eV

n — Effective potential for f-electrons
0.5 - - without the centrifugal part
. : : : . . <
—  4d3/2 E=9.0eV =
0.0l- —  4d5/2 E=11.0eV || Pl T
€ E —20 o
5 —0 /
o .
g 0 1 E 4 5
@ r[au]
o
-2.0 . , . . .
1 2 3 4 5 6 T— 2eV
reu 67.5eV
H *
ih ( ,0p dp |
~ a. -1 -1
om \? ar " Por Xe  Xe*adds,! Xe*dds,

o Negative Prob. Current = QOutwards
@ When over the bump the situation is normal
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NOT JUST ENERGY

HIGHER ENERGY WAVE PACKET REFLECTED - THE LOWER GETS THROUGH

hQ) ~ 73.5 eV

n — Effective potential for f-electrons
0.2 - - without the centrifugal part
. . ’ ’ . . =
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o Negative Prob. Current = Qutwards
e and the 4ds ), current goes first inwards..
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SPIN FLIP RESONANCE ACTS AS A SWITCH

QM INTERFERENCE FEEDS ONE CHANNEL AND DEPLETES THE OTHER

3D
0 — Effective potential for f-electrons
_—— = = - - without the centrifugal part
3P E 20
— 2eV s
| 8 o
= e
67.5eV 5-m \/ o~
& .
‘
l —4u -
4
— i
Xe Xe+4d5/2_1 Xe+4d3/2-1 o L 2 3 1 5

r [au]
o The potential supports the Giant Resonance (two of P
-symmetry)

@ but also two “cousins” of 3P and 3D symmetry
@ populated through spin-orbit interaction

e 3D equal composition of 4d 52 and 4 3/2
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@ Can it be seen in the time domain?
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LARGE ATOMIC DELAY DIFFERENCE 4d3/; VS 4ds )5

STRONG MODULATION OF THE DELAY AT THE POSITION OF THE D -RESONANCE

80 0.2,
0.0,
60 —  4d5/2 E=8.4eV
7 40 - 02
-~ G -04
& 20 g
5 S -0.6
e 0 g
€ S -038
2 o
<20 —  Atomic Delay 4d3/2 “10
_40 - - Atomic Delay 4d5/2 12
——  Atomic Delay 4d nrel -
~60 , n n _
5 10 15 20 45 1 2 3 4 5 6

Electron Energy [eV]

@ 43/, and 45/, channels:
@ The resonance redistribute the prob. current

@ And also the delay!
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EXPERIMENT
RABBIT: XENON 4D
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4d7'(®D,,)>557('S,)

Slow electron energy (eV)

4d7'(®D,,)>557('S,)

10 15 20 25 20 15 10
Fast electron energy (eV)

Exp. Shiyang Zhong et al Nat. Comm(2020) 11:5042

Fast electron in coincidence with specific Auger line - possible to
disentangle 2D3/2 and 2D5/2
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XE 4D

DIFFERENT ATOMIC DELAYS FOR DIFFERENT FINE STRUCTURE COMPONENTS

200
— a [
2]
N :
Z 100
©
©
()
£ o0
'_
— b
(2]
S 100 )
>
©
()
©
[0
E 0 °
'_

70 80 90 100
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Shiyang Zhong et al Nat.
Comm(2020) 11:5042

Eva Lindroth, Stockholm University

from 4ds,, (upper)
from 4ds, (lower)

Exp: Xe(4d;) delay measured
relative Ne(2p)

100 as differences between 4ds ),
and 4ds, close to threshold
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WIGNER REPRESENTATION

400

@ Sharp feature with long
decay time (200-300 as) at
low energy

200

Time (as)

o Extended feature over the
whole interval with short life
time (10-30 as))
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Energy (eV)
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@ Is the contribution from the “2nd photon” still universal?
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SUMMARY

@ Non-Hermitian formalism for calculations of ionization

@ The continuum-continuum contributions to the phase and the
delay is substantial, but often universal: depend only on
long-range potential, energy and photon wave length

@ ... but more accurate experiments on resonances challenges
this view

@ resonances in both atoms and molecules interesting to study
in the time-domain
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