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Highly charged ions (HCI) combine extremely strong electromagnetic fields and a simple
electronic structure which makes them an ideal testing ground for fundamental theories such as
quantum mechanics, relativity and quantum electrodynamics (QED) in the domain of the
strongest electromagnetic fields available for experimental investigations. In this tutorial, an
overview of the recent progress in demanding experiments aiming at the investigation of QED
in such strong and even critical fields will be given. In addition, we will address experimental
studies with HCI of dynamic and non-linear processes in the strong-field limit and at femtoand sub-femtosecond time scales, such as fundamental scattering and impact phenomena for
electrons as well as for photons. We will also elucidate a complementary research activity,
namely the investigations of the vacuum birefringence, where the vacuum is excited by the
presence of an intense laser (electro-magnetic) field.
More specifically, the tutorial will concentrate on the status of experiments exploiting the
unique opportunities provided by storage and trapping facilities for ions at high-Z (Electron
Beam Ion Traps, Penning Traps, and Storage Rings) as well as by strong field laser facilities
(XFEL and high-power lasers) [1,2]. Particular emphasis will be given to measurements of the
magnetic moments (g-factors), providing the most accurate determination of the electron mass
[3], the hyperfine splittings in Bi82+ and Bi80+ ions, revealing a substantial deviation from QED
predictions [4], and a very recent result for the 1s Lamb-Shift of Au78+ [5]. In addition, atomic
processes related to ultrafast electromagnetic interactions will be addressed, which are used to
explore correlation and relativistic effects in bound few-electron systems. Complementary,
attention will be given to unique opportunities provided by XFEL facilities in combination with
intense electro-magnetic fields as provided by high-power lasers to observe, for the very first
time, vacuum birefringence in photon-photon collisions [6].
Finally, the relevance of strong field physics will be discussed with a particular focus on the
intersection of atomic, nuclear, and plasma physics which is essential for our understanding of
astrophysical processes, a research field where the future FAIR facility will provide unique
research opportunities [1]. Examples are rare nuclear decay modes, only possible in highly
ionized, exotic atoms [7].
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