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Electronic Continuum has structure
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Hic sunt Leones
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ψ(t+dt) = U(t+dt,t) ψ(t)

SPLIT
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No Laser: measure all frequencies at once, but otherwise it is the same as with synchrotron radiation

With Laser: strong dependence on time delay; each excitation frequency affects the dipolar response 
at far-away frequencies

He



Ott C. et al., Nature 516, 374 (2014)



RABBIT

M. Swoboda, PhD Thesis, Lund (2010)

A + ϒHn  ±  ϒIR  ⟶  A+  +  e-

A + ϒHn ⟶  A+  +  e-

P. M. Paul et al., Science 292, 1689 (2001)



A + ϒHn  ±  ϒIR  ⟶  A+  +  e-

RABBIT’s sense for the phase
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Gruson V. et al., Science 354, 734 (2016)
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Buildup of Fano Profile
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Resonant RABBIT: Argon
Ar + � ! Ar+ + e�

Ar+ + e� ± � ! Ar+ + e� Ar⇤(3s�14p)± � ! Ar+ + e�
Ar + � ! Ar⇤(3s�14p)

SB16

SB18

M. Kotur et al., Nature Communication 7, 10566 (2016)

Model: the right-ish answer for the right-ish reason

Collab. with Anne L’Huillier’s group



NewStock TDCC atomic code 
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Partial-Wave Channel
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CC Energy spectrum
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Neon PI Cross Section
near an intruder state
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Checkerboard Rabbit

G. Laurent et al., PRL 109, 083001 (2012)

A + ϒHn  +  ϒIR  ⟶  A+  +  e-

2 A + ϒHn+1             ⟶  A+  +  e-

1

W
up

�W
down

/ cos

h
!IR⌧ ���APT � 'At(1)

n+1 + 'At(2)
n,IR

i
PE

 E
ne

rg
y

g

Time delay

21

one-photon  
PE-emission delay

W
up

�W
down

/ cos

h
!IR⌧ ���APT � 'At(1)

n+1 + 'At(2)
n,IR

i
W

up

�W
down

/ cos

h
!IR⌧ ���APT � 'At(1)

n+1 + 'At(2)
n,IR

i
two-photon  

PE-emission delay



�3�1

�1

Photoelectron Angular Distribution
2s22p4(1D)3s3p 2s22p4(3P)3snp 

2s22p4(3P)3snp 2s2p6Ep 



Argon resonant RABBIT, long NIR Pulses

�ir = 1538 nm

NewStock

Exp data by: T. Gorman, T. Scarborough, D. Tuthill,  
A. Piper, D. Kiesewetter, and L. DiMauro (OSU)
Guillaume Laurent (AU) priv. com. (2017)

Th. sims using NewStock, within a collab with 
E. Lindroth, S. Donsa and J. Burgdörfer (2018)

Phase of the integral sideband beating in 
RABBIT, as a function of the IR wavelength



A Chew et al., PRA 97, 031407(R) (2018) Essential-state model from New Stokes + 
ADK tunnel ionization



ab initio ATAS of argon

Exp. 
Th. 

3s-1 4p

Exp: Arvinder Sandhu et al. (ASU), priv. com.
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XCHEM close-coupling
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Orbital basis



Orbital basis
PC Gauss



Orbital basis
PC Gauss



Orbital basis
PC Gauss
MC Gauss



Orbital basis
PC Gauss
MC Gauss
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Orbital basis
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GABS hybrid-basis
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GABS hybrid-basis



C. Marante, L. Argenti and F. Martín, Phys. Rev. A 90, 012506 (2014)

GABS hybrid-basis
continuum-continuum transitions
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C. Marante, L. Argenti and F. Martín, Phys. Rev. A 90, 012506 (2014)

V. D. Rodriguez et al., JPB 44, 125603 (2011)

Hydrogen ATI Photoionization Cross Section

C. Marante et al., Phys. Rev. A 96, 022507 (2017)
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XCHEM CC molecular benchmarks
H2 Resonances 

and PICS
N2 Resonances 

and PICS

C. Marante et al., J. Chem. Theory Comput. 13, 499 (2017) M. Klinker et al., J. Phys. Chem. Lett. 9, 756 (2018)



Conclusions

�!

|gi

|ai

|Ei
1. attosecond pump-probe spectroscopies in 

perturbative regimes allow to reconstruct coherent 
resonant dynamics in the electronic continuum.

2. In poly-electronic systems, B-spline close-coupling 
approaches can provide quantitative predictions, 
which often require explicit TDSE simulations.

3. A large set of electronic-structure software for 
bound and stationary transitions can be (and is 
being) leveraged to compute time dependent 
processes: application from several competing 
tools will soon come to fruition.
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