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Synopsis We investigate whether an apparent “time delay” between electrons ionized by an attosecond XUV
pulse with and without shake-up excitation of the remaining ion can be extracted using XUV-IR streaking setups.
To do so, we solve the full Schrödinger equation for the helium atom including all correlation effects. We discuss
whether a time delay extracted from the streaking spectra corresponds to a “real” time delay or is induced by
other effects, such as the influence of the IR field on the ionization process.

The question whether there is a time delay be-
tween electrons liberated from an atom with or
without shake-up excitation of the remaining ion
has recently become a topic of interest. Such time
delays can be measured in streaking experiments,
which for example have shown an apparent time
delay between electrons ionized from the conduc-
tion band and from core states in condensed mat-
ter systems [1].

In a streaking setup, an attosecond XUV
pulse is used to free electrons from the target,
which then acquire additional momentum from
the IR pulse. This allows one to map the release
time of the electron to the final momentum. A
physical time delay between electrons produced
in different processes results in a shift between
the streaking curves (Fig. 1) with respect to each
other.

One fundamental problem is the time delay
between the electrons liberated from an atom
with or without excitation (shake-up) of the re-
maining ion. An XUV pulse of high enough en-
ergy can either leave the ion in its ground state or
promote it to an excited state through electron-
electron interaction. We investigate this prob-
lem for the helium atom, for which it is possible
to solve the full six-dimensional time-dependent
Schrödinger equation ab initio [2].

The interpretation of any apparent “delay” ex-
tracted from simulations requires great care. In
particular, the ionization and shake-up process
itself can be influenced by the IR field, leading
to additional momentum shifts on the electron
which are not related to any time delay. In our

contribution, we will address these questions and
investigate whether a time delay between elec-
trons ejected with and without shake-up can be
unambiguously extracted.
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Fig. 1. Streaking image (electron spectrum in po-
larization direction vs. time delay) for ionization
of a He atom by an 90 eV XUV pulse, synchro-
nized with a single-cycle IR pulse. The upper line
(𝑝𝑧 ≈ 2.2 au) corresponds to ionization leaving the
He+ ion in the ground state, while the lower line
corresponds to ionization leaving the ion in an ex-
cited state (primarily 2𝑠 and 2𝑝).
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