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Time-delays in the photoionization of molecules are investigated. As compared to atomic ioniza-
tion, the time-delays expected from molecular ionization present a much richer phenomenon, with
a strong spatial dependence due to the anisotropic nature of the molecular scattering potential. We
investigate this from a scattering theory perspective, and make use of molecular photoionization cal-
culations to examine this effect in representative homonuclear and hetronuclear diatomic molecules,
nitrogen and carbon monoxide. We present energy and angle-resolved maps of the Wigner delay time
for single-photon valence ionization, and discuss the possibilities for experimental measurements.

I. INTRODUCTION

The photoelectric effect – the emission of an electron
from matter illuminated by light - is one of the most funda-
mental phenomena in nature, which historically led to Ein-
stein’s ground-breaking proposal of the quantization of light
[1] and played a key role in the development of quantum
mechanics. In the early works, the electron emission was
tacitly assumed to be instantaneous, following the absorp-
tion of the excitation photon. However, more than half a
century ago, it was predicted theoretically that there should
be a time delay in the photoelectron emission process [2, 3],
but it was only with the recent advances in attosecond sci-
ence that direct measurements of electron dynamics with
attosecond time resolution [4] required for the experimental
validation of this prediction could be realized. Time re-
solved measurements of electron dynamics were reported
[5–8] and the delay of photoemission was observed in con-
densed matter [9] and atoms [10] in the single photon weak-
field regime. However, no measurements of photoemission
time delays from molecular targets have been reported as
yet. Here we discuss theoretical results of angle and energy
resolved time delays in the photoionization of molecules,
and the prospects for direct measurement of this rich atto-
second phenomena.

In scattering theory the phase of the transmitted wave is
a direct consequence of the interaction of the incident wave
with the scattering potential. Consequently, the scatter-
ing phase can be associated with an advance or retardation
of the transmitted wave caused by its interaction with the
scattering potential V (r, θ, φ), as measured in the asymp-
totic limit. This phase-shift is always relative to the V = 0
case. A repulsive potential will lead to a negative phase,
signifying an advance of the transmitted wave, while an
attractive potential will lead to a positive phase, signify-
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ing a retardation (or trapping) of the transmitted wave.
These results are most simply derived in a stationary state
(energy-domain) picture of scattering, but a wavepacket
(time-domain) treatment yields the same essential features
[11]. Hence, in a time-domain picture of photoionization,
the scattering phase-shift and associated time delay can be
viewed as a group delay of the outgoing photoelectron wave-
packet, born at a time t0 within the ionizing laser pulse. In
this case, the advanced wavepacket appears sooner than it
would for the V = 0 case, while the retarded wavepacket
appears later than it would for V = 0. This temporal re-
sponse to the phase-shift is given by the Wigner delay, τw,
which is determined by the energy-derivative of the scat-
tering phase [2, 3].

While the concept of the Wigner delay is well established
[2, 3], interest has recently been rekindled due to the exper-
imental accessibility of the attosecond time domain. Exper-
iments using attosecond XUV pulse trains have been able
to measure the relative group delay of electron wavepack-
ets from atomic emission following single-photon absorp-
tion from a weak XUV field [10, 12], and also discussed
the possibility of determining an absolute photoionization
time t0 [10]; this latter possibility has also been explored
in the strong-field regime, via tunnel ionization with “atto-
clock” measurements [7], which employ pulses with rapidly
changing instantaneous polarization vector (e.g. circularly
polarized light) to obtain high temporal resolution via an-
gular streaking of the photoelectron wavepackets.

In concert with these new experimental capabilities, nu-
merous theoretical and computational studies have been
performed. These can broadly be categorised as methodolo-
gies based on (a) canonical scattering theory [13–16], or (b)
fully-numerical approaches based on the time-dependent
Schrodinger equation [17]. In most cases Wigner delays
from the ionization of atomic targets have been of interest,
and the angle-dependence of the process has not been in-
vestigated; notable exceptions to this trend are the recent
work of Wätzel et. al. [18], who investigated the angle-
dependence of the Wigner delay in detail for ionization of
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This document presents the full sets of dipole matrix elements resulting from the 
calculations discussed in the manuscript, and used in the angle and energy-
dependent Wigner delay maps therein.

Here, the matrix elements are presented for all (l,m) partial-waves, for each accessible 
ionization continuum (i.e. each allowed �nal state symmetry).

In the plots, the magnitudes and phases of each (l,m) channel are shown, along with 
the coherent sum over the channels.  The partial-wave resolved Wigner delays τ are 
also shown, along with the full Wigner delay (resulting from the coherent sum over 
all channels).  

For reference, the direct sum of the channel-resolved Wigner delays is also shown, 
and denoted “sum τ” in the �gure legends. This corresponds to an incoherent sum 
over the partial-wave channels.

Additional line-plots of the cross-sections and Wigner delays are also included.  These 
show cuts through the full surfaces (�gs 1 & 2 in the manuscript) at various angles, 
equally spaced over 0 ≤ θ ≤ 90º for N2 and 0 ≤ θ ≤ 180º for CO.  Note that singularities 
appear in some regions, but these correspond to minima in the cross-sections (and 
concomittant sign-changes in the phases), hence are not physically meaningful.

Original calculations: P. Hockett, 2011, revised 2014.
This document (and �gshare distribution): Dec. 2015, updated with additional 
plots Feb. 2016.
https://dx.doi.org/10.6084/m9.�gshare.2007486

Dipole matrix elements calculated using ePolyScat (R. R. Lucchese, N. Sanna, A. P. 
P. Natalense, and F. A. Gianturco), see 
http://www.chem.tamu.edu/rgroup/lucchese/ePolyScat.E3.manual/manual.html.
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