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The interaction between nuclear and electronic states plays a fundamental role in many nuclear processes.

While such nucleus-electron couplings have been extensively studied using nuclear physics methodologies,

recent advancements in light sources have introduced novel schemes for nuclear photoexcitation. This break-

through enables a new class of experiments that could revolutionize our understanding and control of nuclear

states. In this work, we review the research on electron processes associated with nuclear transitions, and the light

sources that have been used for nuclear photoexcitation. Furthermore, we explore the potential for establishing

time-resolved spectroscopy of electron-nucleus couplings, drawing connections to state-of-the-art light sources

and time-resolved studies in atomic and molecular physics. By addressing both challenges and opportunities,

we aim to provide a roadmap for future research in this interdisciplinary field. This emerging platform, linking

nuclear science, atomic physics, and photonics, holds great promise for driving groundbreaking scientific and

technological advancements.
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I. INTRODUCTION

Electron dynamics play a fundamental role in the behav-
ior of matter and underpin essential natural processes, such
as electron transport chains in biochemistry [1,2] or charge
transfer in energy-harvesting systems [3]. In atomic physics,
electronic states and their mutual correlations are investigated,
defining their general quantum mechanical properties. Elec-
tron processes are also pivotal to fundamental phenomena
in nuclear physics. Nuclear states can exchange energy with
surrounding electrons, and nucleus-electron couplings drive a
large variety of nuclear decays that are of interest for scientific
and technological applications. The electron-capture decay
of 7Be, for example, serves as a promising observable for
monitoring solar activity [4]. Similarly, electronic interactions
influence the production and decay of medical isotopes such
as 125I [5,6] and the relaxation of long-lived nuclear states
relevant to high-precision metrology, as exemplified by 229Th
[7–11].

The advent of advanced light sources has revolutionized
our understanding of light-matter interaction, also enabling
real-time observation of electron motion. Laser spectroscopy
has provided unprecedented insight into fundamental pro-
cesses such as photoionization, revealing, for example, the
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time required for electron ejection from an atom or the evo-
lution of collective electron dynamics in plasmonic systems.
Extending these methodologies to more complex systems has
uncovered crucial aspects of molecular and material func-
tionality, including photoprotection in biological molecules
[12] and light-induced superconductivity [13]. These devel-
opments have also paved the way for novel control schemes
at the quantum level, contributing to the emergence of fields
such as quantum materials and metasurfaces [14,15]. Re-
cent advances in large-scale and tabletop light sources have
similarly transformed nuclear physics, enabling the external
driving of nuclear transitions, an approach once consid-
ered conceptually unfeasible [16]. This breakthrough opens
exciting possibilities for both fundamental science and tech-
nological applications [7–11].

We are now at a pivotal moment, with the unprecedented
opportunity to harness modern light sources to advance our
understanding of nuclear science. More importantly, it may
soon be possible to establish time-resolved spectroscopy
methods, already well established in other disciplines, to di-
rectly observe and manipulate the energy exchange between
nuclear and electronic states. Figure 1 illustrates a prototyp-
ical experiment that may become feasible in the near future,
employing the pump-probe concept [17]. A pump pulse res-
onantly excites a nuclear state, which subsequently releases
energy into an atomic shell, triggering ionization. A probe
pulse is then used to resonantly excite the same electronic
state, perturbing the nucleus-electron interaction. By varying
the delay between the pump and probe pulses, time-resolved
snapshots of energy transfer between the nuclear and the

2469-9926/2025/112(4)/040101(29) 040101-1 Published by the American Physical Society



SEITZ, CALEGARI, THIROLF, AND TRABATTONI PHYSICAL REVIEW A 112, 040101 (2025)

FIG. 1. A prototypical scheme of time-resolved pump-probe

spectroscopy of photoinduced electron dynamics in nuclear

transitions.

electronic state can be obtained. Beyond imaging and tracking
nuclear dynamics in real time, a particularly promising appli-
cation of this approach is the controlled excitation of nuclear
states. By transiently altering electronic states through pho-
toexcitation, it may be possible to precisely influence nuclear
transitions and decay pathways.In this paper, we provide a
comprehensive overview of the current state of research on
electron processes associated with nuclear photoexcitation,
drawing connections to the established time-resolved studies
in atomic and molecular physics. As a key perspective, we
examine the potential and limitations of adapting time-domain
laser spectroscopy techniques, such as pump-probe schemes,
to nuclear physics. We begin by reviewing recent technolog-
ical advancements in novel light sources, both large scale
and tabletop, that have been or could be utilized for nuclear
state investigations. We then describe fundamental electron
processes in nuclear physics, such as internal conversion,
the electron bridge, and electron capture, emphasizing their
roles in nuclear-electronic energy exchange. Next, we discuss
the mechanisms governing electron dynamics in atomic and
molecular physics, with a focus on time-resolved studies of
electron correlations and nonadiabatic processes. Finally, we
outline key milestones necessary to bridge electron dynamics
studies in atomic and molecular physics with nuclear physics,
laying the groundwork for time-resolved spectroscopy of
nuclear transitions. By addressing these challenges and op-
portunities, this work aims to provide a roadmap for future
research in this interdisciplinary field. The ability to study and
control electron processes in nuclear transitions through light
not only deepens our understanding of fundamental physics
but may also offer innovative applications across various dis-
ciplines. As the field progresses, its integration with broader
electron dynamics studies has the potential to create a new
platform linking nuclear science, atomic physics, and pho-
tonics to drive groundbreaking scientific and technological
advancements.

II. LIGHT SOURCES FOR THE PHOTOEXCITATION

OF NUCLEAR TRANSITIONS

This section reviews light sources that have been used,
or have potential applications, for driving nuclear transi-
tions. Historically, radioactive samples emitting gamma-ray

radiation have been employed for the resonant excitation of
nuclear states, for instance, within the framework of Möss-
bauer spectroscopy [18]. While this photointeraction scheme
lies beyond the scope of our work, extensive reviews of res-
onant nuclear excitation via gamma-ray sources have been
previously conducted [19–21]. With the significant advance-
ments in large-scale facilities, such as synchrotrons and
free-electron lasers (FELs), new pathways for photoexcitation
of nuclear states have become accessible. These sources pro-
vide high-intensity x-ray pulses with multi-GW peak power,
pulse energies reaching the millijoule range, and photon ener-
gies extending into the tens of keV [22]. This spectral region is
well suited for triggering low-energy nuclear states in various
isotopes, including iron-57 (57Fe) at 14.4 keV and scandium-
45 (45Sc) at 12.4 keV. However, the narrow linewidths of these
transitions, typically ranging from femtoelectronvolts (feV)
to nanoelectronvolts (neV), do not align with the broader
bandwidth of synchrotrons and FELs, which are on the or-
der of hundreds of millielectronvolts (meV). Considerable
research has focused on addressing these limitations, leading
to significant progress over the last decade. Additionally, the
excitation energy of these nuclear transitions is comparable to
the resonant absorption of core atomic shells, often resulting
in strong coupling between nuclear and electronic states. As a
result, these photointeractions are relevant to this work and
will be discussed in detail. A particularly notable example
is the isomeric transition in thorium-229 (229mTh), which
stands out due to its exceptionally low excitation energy in
the vacuum ultraviolet (VUV) spectral region (6.2–12.4 eV).
The most recent measurements [23–25] place this transition
at about 8.356 eV. With a radiative decay time on the order
of 103 s [26], this transition has attracted substantial interest
over the past decades, particularly for its potential application
in the development of a nuclear clock [10]. Considerable
research has been devoted to triggering the direct photoex-
citation of this transition using tabletop vacuum-ultraviolet
coherent sources, with the ultimate goal of creating a high-
precision metrology platform. Several laser technologies have
reached maturity for this purpose, including cavity-enhanced
high-harmonic-generation frequency combs and four-wave-
mixing emission. These approaches will be reviewed in this
work. Beyond these established methods, alternative schemes
for the photoexcitation of nuclear states remain an area of
interest for future exploration. Recent theoretical studies have
proposed the use of strong-field lasers, twisted light, or
continuous-wave radiation as potential mechanisms for nu-
clear excitation. These methods introduce additional degrees
of control and could provide novel avenues for experimental
investigation. Furthermore, the coherent control of long-lived
electronic states has recently been extended from the optical
to the extreme ultraviolet regime at FELs, suggesting a po-
tential pathway for nuclear state population. The feasibility
and implications of these approaches will be examined in the
following sections.

A. Bremsstrahlung and gamma-ray sources

Bremsstrahlung is produced when high-energy electrons
are accelerated upon interaction with, for example, atomic
nuclei or a magnetic field, resulting in a continuous spectrum
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of photons extending up to the initial electron energy. This
mechanism has been instrumental in nuclear resonance flu-
orescence (NRF) studies, where an excited nuclear state is
resonantly populated through the absorption of electromag-
netic radiation, followed by its decay via the emission of radi-
ation. In photon-scattering experiments with bremsstrahlung,
nuclear states across a broad energy range, extending up to the
particle-separation energies, can be excited. Their subsequent
deexcitation through electromagnetic transitions is analyzed
using gamma-ray spectroscopy [27]. The key advantage of
this technique is that both excitation and deexcitation oc-
cur through the well-understood electromagnetic interaction,
making it a highly reliable method in physics [28].

A notable facility employing NRF is, for instance, the
ELBE (Electron Linear Accelerator for beams with high
Brilliance and low Emittance) at the Helmholtz-Zentrum
Dresden-Rossendorf (HZDR) in Dresden-Rossendorf, Ger-
many [29]. At the γ ELBE beam line, bremsstrahlung photons
with energies up to 20 MeV at a repetition rate of up to
26 MHz are available and are mainly used in investigations on
the electric or magnetic dipole strengths in nuclear transitions
[30–34].

Advancements in photon sources have led to the devel-
opment of Compton backscattering facilities, where optical
photons are scattered off relativistic electron beams. This
interaction results in a significant energy upshift, produc-
ing quasimonochromatic and highly collimated gamma-ray
beams suitable for precise nuclear excitation studies. The
High Intensity Gamma-ray Source (HIγ S) at Duke Univer-
sity, USA, exemplifies this approach [35]. By backscattering
laser photons off electrons in a storage ring, HIγ S generates
gamma rays with energies ranging from 1 to 100 MeV. This
tunable source has been pivotal in various experiments on
γ -ray spectroscopy, which has been used, for instance, for the
investigation of nucleon structure and polarizability [35] or
nuclear astrophysics [36].

In Europe, the Extreme Light Infrastructure-Nuclear
Physics (ELI-NP) facility in Magurele, near Bucharest,
Romania, is under development to provide advanced gamma-
ray capabilities [37]. ELI-NP aims to produce gamma
beams with energies up to 19.5 MeV and a subpercent
bandwidth using laser Compton backscattering. This high-
brilliance source is expected to enable a wide array of
nuclear physics applications in industry [38], radioisotope
production for medical applications [39], and precision
spectroscopy [37].

Looking further ahead, the Gamma Factory initiative at
CERN, proposed by Mieczyslaw Witold Krasny, Dmitry
Budker, and collaborators, envisions utilizing the exist-
ing Large Hadron Collider (LHC) infrastructure to pro-
duce gamma rays through Compton backscattering off
highly charged heavy ions circulating in the LHC ring
[40]. This innovative approach could lead to ultra-high-
intensity gamma sources, opening new avenues for research
in atomic and nuclear physics [41] as well as funda-
mental particle physics for physics beyond the standard
model [40].

While bremsstrahlung and gamma-ray sources provide
valuable tools for NRF and nuclear excitation studies, their
broad spectral width often limits energy resolution. To achieve

higher precision in nuclear spectroscopy, x-ray synchrotrons
offer a powerful alternative. By utilizing highly brilliant, and
tunable x-ray beams, synchrotron facilities enable monochro-
matic excitation of nuclear transitions with superior spectral
resolution. These properties and its applications will be pre-
sented in the following section.

B. X-ray synchrotrons

Synchrotron radiation has revolutionized nuclear spec-
troscopy by providing highly brilliant, collimated, and
monochromatic x-ray beams. Unlike conventional sources,
synchrotrons generate radiation through high-speed electrons
moving in circular accelerators, enabling precise studies of
Mössbauer-active isotopes such as 57Fe. The Mössbauer effect
is the recoilless nuclear resonance absorption and emission of
gamma rays. A nucleus in an excited state emits a gamma
quantum, which can be absorbed by another nucleus of the
same kind, leading to resonance absorption and reemission
(fluorescence) or conversion electron emission. In free atoms
or molecules (gas, liquid), recoil from emission and ab-
sorption shifts the energy significantly, preventing resonance
absorption. However, in solids, where atoms are bound in a
lattice, recoil can be suppressed, allowing resonance absorp-
tion to occur. Rudolf Mössbauer experimentally confirmed
this by cooling materials to low temperatures, where atoms
remain largely stationary in the lattice, enabling recoilless
emission and absorption [18]. Synchrotron-based Mössbauer
techniques, implemented at facilities such as ESRF [42],
SPRING-8 [43], and PETRA III [44], provide unprecedented
insights into nuclear interactions and lattice dynamics, with
applications in condensed matter physics, material science,
and biophysics [45].

Two key Mössbauer techniques have been developed using
synchrotron radiation, enabling advanced studies of nuclear
and lattice dynamics. In nuclear resonant scattering (NRS),
pulsed synchrotron radiation is used to excite nuclear states.
The delayed reemission of radiation, detected via time-gated
methods, reveals hyperfine interactions such as isomer shifts,
electric field gradients, and magnetic fields [46]. Inelastic
nuclear resonant scattering (INRS) extends Mössbauer spec-
troscopy to vibrational energy scales. By scanning the incident
energy around the nuclear resonance, INRS selectively probes
site-specific vibrational modes, providing direct insights into
phonon dynamics [47].

One major breakthrough was the first observation of
the phonon energy spectrum of polycrystalline α-Fe, where
nuclear resonant scattering was divided into elastic and in-
elastic events [48]. By tuning the energy of the incident
synchrotron radiation, the phonon spectrum was directly mea-
sured, revealing shifts in nuclear energy levels due to phonon
absorption and emission. The use of a pulsed synchrotron
source allowed discrimination between nuclear resonant and
nonresonant scattering, capitalizing on the long lifetime of
the nuclear excited state in 57Fe [48,49]. These capabil-
ities enable synchrotron-based Mössbauer spectroscopy to
probe site-specific phonon dynamics with exceptional energy
resolution.

Further advancements have demonstrated the potential
of synchrotron radiation for studying conversion electron
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emission following nuclear resonant excitation [46]. By mon-
itoring delayed electron emission, researchers have been able
to probe the phonon spectrum with depth resolution, as the
small escape depth (approximately 200 nm) of low-energy
electrons allows selective investigation of near-surface layers.
Three primary processes contribute to the observed electron
emission: the photoelectric effect, recoilless nuclear absorp-
tion followed by energy transfer to the electron shell, and
inelastic absorption accompanied by phonon creation or an-
nihilation [46]. A detailed review of [46] is reported in
Sec. V.

Moreover, synchrotron radiation has enabled hyperfine
structure analysis through quantum beats in the time spec-
trum of emitted gamma rays under coherent conditions [47].
Investigations of K-shell internal-conversion electron emis-
sion from 57Fe thin films deposited on Si(111) revealed
modifications in the phonon density of states, with thinner
films exhibiting softened phonon modes compared to bulk
α-Fe [47]. By employing high-resolution monochromators
and time-resolved detection, these experiments distinguished
delayed internal-conversion electrons from promptly emitted
photoelectrons, further enhancing the ability to probe nuclear
dynamics with unparalleled precision [47].

While synchrotron-based Mössbauer spectroscopy has
been instrumental in studying hyperfine interactions and
phonon dynamics, its capabilities extend beyond traditional
Mössbauer-active isotopes, such as the isomeric nuclear tran-
sition in 229mTh. Given its potential for optical nuclear
spectroscopy, synchrotron-based techniques offer a controlled
approach to populating and probing its nuclear states with
high precision. Masuda et al. [50] demonstrated the capa-
bility of synchrotron-based nuclear spectroscopy to precisely
probe the low-energy nuclear transitions of 229Th. Using
narrow-band 29-keV synchrotron radiation at SPring-8, they
successfully excited 229Th to its second excited state. About
58% of the population in the second excited state subsequently
decays in approximately 100 ps into the isomeric state. This
marks the first instance of active optical pumping of 229mTh.
The study established key nuclear parameters with unprece-
dented precision, determining the second excited state energy
to be 29, 189.93 ± 0.07 eV, measuring its half-life at 82.2 ±

4.0 ps, and extracting an excitation linewidth of 1.70 ± 0.40
neV. At the time of the publication, these results allowed for
a refined estimation of the isomer’s energy, confirming its
location within a laser-accessible regime in the VUV region.

In summary, synchrotron-based Mössbauer spectroscopy
has demonstrated remarkable capabilities in probing nu-
clear transitions, hyperfine interactions, and lattice dynamics
with exceptional spatial, temporal, and energy resolution.
By leveraging the tunability of synchrotron radiation, re-
searchers have unlocked new insights into nuclear resonant
scattering, phonon spectra, and photoexcitation of nuclear
transitions. However, intrinsic characteristics such as the
relatively long pulse durations and comparably low bright-
ness impose limitations on peak intensities [51]. To address
these challenges, free-electron lasers (FELs) have emerged as
a groundbreaking alternative, providing ultrashort, coherent
pulses with unprecedented peak brightness. The following
section will explore the capabilities of FELs in greater
detail.

C. X-ray free-electron lasers

Apart from the particular case of the 229mTh isomeric tran-
sition, most other long-lived nuclear states that qualify as
candidates for photoexcited nuclear spectroscopy have res-
onance energies on the level of tens of keV. These kinds
of photon energies (0.01–10 nm, 100 eV-100 keV) are well
within reach thanks to the advancements on x-ray free-
electron laser (FEL) technology [22,51–56].

Free-electron lasers (FELs) combine particle accelerator
and laser technologies to produce electromagnetic radiation
with unparalleled brightness. They rely on relativistic elec-
trons moving through a periodic magnetic field, generating
undulator radiation [55]. Most FELs operate via self-amplified
spontaneous emission (SASE), where small fluctuations in
electron density grow as electrons interact with the emitted
radiation, leading to the formation of microbunches spaced by
the radiation wavelength [51]. When these electrons emit in
phase, radiation intensity scales quadratically with the number
of electrons, greatly enhancing output power [52,55]. In x-ray
FELs, typical beam parameters (17.5 GeV electron energy, 5
kA peak current) enable peak radiation powers in the multi-
GW range and pulse energies of a few millijoules, with a
conversion efficiency of 0.1% [22].

The most recent breakthrough in nuclear transition spec-
troscopy has been achieved in an experimental beamtime
conducted at the European x-ray FEL [22]. In this experiment,
Shvyd’ko et al. [57] demonstrated the resonant excitation
of the isomeric state in 45Sc by irradiation with x-ray pho-
tons. More than 30 years ago, the isomeric state of 45Sc was
identified as one of the most promising nuclear targets for
a nuclear clock due to its comparably low transition energy
of 12.4 keV and long lifetime of 0.47 s. 45Sc predominantly
decays via an internal conversion channel, resulting in the
ejection of an electron from an inner shell. The successful
excitation of the isomeric state can therefore be determined by
detecting characteristic x-ray fluorescence at Kα = 4.09 keV
and Kβ = 4.46 keV, which is emitted when the core hole
from the internal conversion decay process is filled. By
scanning the energy of the x-rays over a range of 100 eV
around the nuclear resonance of 12.4 keV, it was possible to
determine the transition energy of 12.38959 keV with an accu-
racy two orders of magnitude higher than previously measured
values.

The potential realization of a 45Sc-based nuclear clock
still requires major achievements, such as the development
of a compact narrow-band x-ray frequency comb. How-
ever, the successful excitation of the 45Sc nuclear transition
and the precise determination of its resonance energy
underscore the potential of modern x-ray FELs in ultra-
high-precision spectroscopy, nuclear clock technology, and
metrology in the hard x-ray regime. With their high repeti-
tion rates and narrow bandwidths, state-of-the-art x-ray FELs
provide a powerful platform for studying long-lived nuclear
resonances.

While large-scale facilities such as synchrotrons and FELs

provide the high-photon energies necessary for nuclear pho-

toexcitation, their accessibility is limited due to beamtime

constraints and operational costs. In contrast, table-top laser

sources offer a promising alternative, enabling localized and
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flexible experimental setups that are able to generate radiation

in the vacuum and extreme ultraviolet, as well as the soft x-ray

region through different nonlinear up-conversion processes.

Especially table-top laser sources in the VUV have become

particularly relevant in recent years, thanks to the new findings

surrounding the low-energy nuclear transitions in 229Th. In the

following, we discuss the potential of table-top VUV sources

and their suitability for nuclear spectroscopy and photoin-

duced nuclear transitions.

D. Table-top laser sources

The low-energy nuclear transition in the 229mTh isomer
presents a promising avenue for advancing precision mea-
surement technologies. Its unique properties, such as a low
excitation energy and reduced sensitivity to external pertur-
bations, make it an exceptional candidate for high-precision
optical clocks and quantum sensing, with potential applica-
tions in ultra-accurate timekeeping and advanced metrology
[9,58,59]. Realizing these applications, however, requires effi-
cient and accessible laser sources in the VUV spectral region.
This requirement has driven significant efforts toward the
development of compact, table-top laser sources, which will
be discussed in the following subsections.

Up-conversion in nonlinear crystals. To generate laser
pulses with photon energies in the VUV spectral range, non-
linear optical interactions can be exploited to up-convert the
lower frequencies of widely available laser sources, such as ti-
tanium:sapphire or ytterbium-based systems. One of the most
common methods for frequency up-conversion of laser light
involves the use of nonlinear crystals, which exploit second-
order nonlinear effects such as second-harmonic generation
(SHG) to achieve high-conversion efficiencies. In SHG, a
monochromatic light wave with frequency ω propagates
through a nonlinear medium, generating a new wave with
twice the frequency 2ω. When the correct phase-matching
conditions are chosen, the conversion efficiency between ω

and 2ω can be maximized [60,61].
Nonlinear crystals such as beta-barium borate (BBO) and

lithium triborate (LBO) exploit this property and are widely
used for SHG. These materials enable efficient frequency dou-
bling of near-infrared or visible lasers, producing light in the
visible (VIS, 400–750 nm, 1.65–3.1 eV) or ultraviolet (UV,
200–400 nm, 3.1–6.2 eV) spectral ranges with high (>50%)
conversion efficiencies [61].

However, the applicability of nonlinear crystals for ef-
ficient frequency up-conversion is limited at higher-photon
energies. As we move into the vacuum-ultraviolet (VUV)
range, challenges arise due to intrinsic dispersion properties,
material damage thresholds, and two-photon ionization limits.
Additionally, the restricted transmittance of commonly used
nonlinear crystals in the VUV region presents a significant
obstacle [62].

To overcome these challenges, a novel technique was
developed by Togashi et al. [63], utilizing prism-coupling
of KBe2BO3F2 (KBBF) crystals via optical contact, by-
passing the need for index-matching fluids. While this
crystal faces limitations, including low-conversion efficiency
(10−4) and material absorption that offers a theoretical cutoff

wavelength of 147 nm [64], it enabled the generation of
163.3-nm pulses through sum-frequency mixing of a dual-
frequency Ti:sapphire laser (ω1 = 820 nm producing 10-mJ,
50-fs pulses at a repetition rate of 10 Hz.

The material constraints make it clear that in the present
time, nonlinear crystals are unable to provide a universal
platform for table-top VUV generation, particularly in the
context of photoexcitation of the 229Th nuclear transition.
Aiming to resolve these issues, alternative approaches based
on nonlinear wave mixing in gaseous media have gained sig-
nificant attention. In particular, four-wave mixing (FWM) has
emerged as a promising technique, offering high-conversion
efficiencies, broader spectral coverage, and greater flexibility
in wavelength tuning.

Four-wave mixing. Four-wave mixing (FWM) is a nonlin-
ear optical process in which three interacting waves generate
a fourth wave through a medium with a third-order nonlin-
ear susceptibility (χ (3)) [60]. This process enables tunable
frequency conversion making it a powerful tool for various
applications, including VUV generation. A schematic repre-
sentation of nondegenerate FWM is shown in Fig. 2(a).

As discussed in the previous chapter, the generation
of VUV radiation using conventional nonlinear crystals is
severely limited due to their intrinsic dispersion, low dam-
age thresholds, susceptibility to two-photon ionization, and
poor transmittance in the VUV spectral range. While high-
harmonic generation (HHG) is widely used for shorter
wavelengths (i.e., higher-photon energies), it suffers from
low-conversion efficiencies in the relevant range. These
limitations historically motivated the development of reso-
nantly enhanced four-wave mixing as a preferred technique
for generating tunable VUV light with comparatively high-
conversion efficiencies on the order of 0.1%–0.2% [65–68].
This was made possible by the availability of rare gases
such as xenon, which exhibit strong atomic resonances that
can be exploited to boost the third-order nonlinear sus-
ceptibility. Early efforts on VUV light generation through
resonance enhanced four-wave mixing FWM in xenon have
established the basic feasibility of tunable coherent sources
in the 120–220 nm range. For instance, the work by Hilbig
and Wallenstein [65] achieved tunable VUV output between
155–220 nm with nanosecond dye lasers, but with conversion
efficiencies typically below 0.2% and 1̃ kilowatt-level peak
power. Later developments, such as for instance those by
Tünnermann et al. [66] and Hanna et al. [67], improved the
available VUV pulse energy and tunability, yet were either
limited by achievable spectral linewidth on the THz level
[66] or purposefully targeted at other applications such as
aerosol spectrometry [67]. While it is true that FWM se-
tups were optimized to achieve narrow linewidths on the
order of 6-15 GHz [23,24,68], essential for addressing the
ultranarrow thorium nuclear transition, the breakthroughs in
photoexcitation of the isomeric transition of 229mTh by Elwell
et al. and Tiedau et al. in 2024 are based on several key
innovations that go beyond the development of resonance-
enhanced FWM technology. For instance, the exact 229mTh
transition energy, while continuously improving over time,
remained uncertain within several eV until a more precise
determination of the energy was provided only recently in
different experiments. Seiferle et al. [69] conducted energy
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FIG. 2. Adapted from [60]. (a) Schematic of the third-order (χ (3)) nonlinear effect nondegenerate four-wave mixing. (b) Energy-level

diagram for the nondegenerate four-wave mixing process in [68]. Two pump photons with frequency ω1 resonantly excite an atomic state in

Xe. Frequency mixing with the second, tunable driving frequency ω2 results in frequency tunable VUV light (ωVUV). The tunability is indicated

with color gradients.

measurements of electrons emitted after internal conversion
decay, Sikorsky et al. [70] presented γ -ray spectra produced
in the α-decay of 233U using a cryogenic microcalorimeter,
and Kraemer et al. [26] performed vacuum-ultraviolet spec-
troscopy of 229mTh stemming from beta decay of 229Ac and
embedded into CaF2 and MgF2 crystals. Especially the latter
study was of strong relevance for the breakthroughs in nuclear
spectroscopy of thorium because it achieved the first observa-
tion of the 229mTh radiative decay in large-band-gap crystals.
The measured photon energy of 8.338 eV with an average
statistical and systematic error of only 0.024 eV improved the
uncertainty of the isomer’s excitation energy by more than
a factor of 7 compared to [69,70], drastically reducing the
required scanning range for a VUV laser and therefore paving
the way for the first successful observation of the radiative
decay of the thorium isomer through photoexcitation with a
FWM based VUV source one year later [23,24].

A comprehensive theoretical and experimental analysis
of this third-order nonlinear process of FWM was pre-
sented by Bjorklund [71], providing valuable insight into
the conditions required for efficient four-wave mixing. By
examining different phase-matching configurations, specif-
ically ω1 + ω2 + ω3 = ωVUV, ω1 + ω2 − ω3 = ωVUV, and
ω1 − ω2 − ω3 = ωVUV, Bjorklund demonstrated that while
sum- and difference-frequency schemes (processes 1 and 3)
require specific dispersion characteristics to achieve phase
matching, the second process ω1 + ω2 − ω3 = ωVUV (used in
most resonance-enhanced VUV generation schemes) can be
phase matched in media with both normal and anomalous dis-
persion, thus also in presence of resonant absorption, making
it broadly applicable and more easily optimized. Furthermore,
the overall conversion efficiency of this FWM process can
be significantly enhanced by tuning the pump wavelength
to coincide with a two-photon resonance in the nonlinear
medium. In the case of xenon gas, resonance at 249.6 nm
greatly increases the third-order susceptibility χ (3), thereby
improving the conversion efficiency toward the VUV [72].

For instance, Tiedau et al. [23] used an experimental setup
employing two Ti:sapphire continuous-wave (cw) lasers. The
first emits light at 748 nm, which is frequency tripled through
a cascaded process of second-harmonic generation (SHG) and
sum-frequency generation (SFG) in two nonlinear crystals.
The result is the pump wavelength of ω1 = 249.6 nm for

resonant excitation of the two-photon transition 5p6 1S0 →

5p5(2P◦
3/2)6p 2[1/2](J = 0) in xenon. The energy-level

diagram of this exemplary FWM process is depicted in
Fig. 2(b). The second laser with frequency ω2 is wavelength
tunable between 765 and 800 nm and is used to alter the
difference frequency in the FWM process. This system gen-
erates up to 40 µJ of VUV pulse energy with a spectral
linewidth of approximately 6 GHz in the range from 150
to 155 nm, maintaining a constant power level by selecting
a suitable laser dye in their amplifier system. The VUV
source operates at a repetition rate of 30 Hz, with a pulse
duration of 10 ns and a mean pulse energy of approximately
15 µJ in the relevant wavelength range between 148.3 and
149.1 nm. A key element in the successful photoexcitation
of the 229mTh isomer was the use of thorium-doped CaF2

crystals, grown at TU Wien, featuring a 229Th concentration
of up to 5 × 1018 1/cm3. The groundbreaking results of this
experiment include the first demonstration of photoexcitation
of the 229Th nuclear transition, a reduction of the transition
frequency by nearly three orders of magnitude [2020.409(7)
THz, 148.3821(5) nm, 8.35574(3) eV], and a precise mea-
surement of the isomer lifetime [1740(50) s] [23]. To clarify,
this measured lifetime represents the expected vacuum value,
inferred from measurements in a solid-state environment and
scaled by n3, assuming accurate knowledge of the refractive
index at the relevant wavelength. While this assumption is
likely reasonable, it does not constitute a direct measurement
of the ionic lifetime in vacuum.

While noble-gas-based four-wave mixing has proven to
be an effective method for generating coherent VUV radia-
tion, its scalability and efficiency can be further enhanced by
employing structured environments such as hollow capillary
fibers. These waveguides provide higher interaction lengths,
and increased confinement of the driving fields, leading to im-
proved conversion efficiencies [62]. By leveraging the unique
dispersion properties of hollow capillary fibers, four-wave
mixing can be tailored to generate tunable VUV light, mak-
ing it a promising platform for photoexcitation of nuclear
transitions.

Building on these principles, Forbes et al. [73] presented
their results on the generation of femtosecond VUV radiation
via four-wave mixing in a noble-gas-filled HCF. This process
involves two pump photons with frequency at 267 nm, one
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seed photon with frequency at 800 nm, and the generated
photon at the difference frequency ωi = 2ωp − ωs. The driv-
ing laser is a standard chirped pulse amplification Ti:sapphire
laser with a pulse duration of 35 fs, a pulse energy of 2.7 mJ,
and a repetition rate of 1 kHz. After splitting off one-third
of the fundamental radiation to act as the seed for the FWM
process later in the setup, the third harmonic of the laser is
generated via a cascaded frequency up-conversion process
in nonlinear crystals. The pump and seed pulses are then
recombined and coupled into a 0.5-m-long helium-filled HCF
with an inner diameter of 150 µm , where the FWM process
is driven. The VUV pulses are characterized after the fiber,
with a VUV photodiode enabling the measurement of pulse
energy. For pump and seed powers up to 45 µJ , VUV pulse en-
ergies of approximately 4 µJ were obtained at the upper limit.
This corresponds to a remarkably high conversion efficiency
of around 10%, especially in comparison to other nonlinear
processes. The temporal and spectral characterization of the
VUV pulses was conducted through simultaneous yet separate
measurements, revealing a VUV spectrum with a full width
at half-maximum (FWHM) of approximately 1.1 nm, corre-
sponding to a transform-limited pulse duration of 35 fs.

Cavity-enhanced HHG and frequency combs. High-
harmonic generation (HHG) is a highly nonlinear optical
process that enables the generation of coherent light at ex-
treme ultraviolet (XUV, 10–124 nm, ; 10–124 eV) or even soft
x-ray wavelengths (0.1–10 nm, 124 eV–10 keV). This pro-
cess typically occurs when an intense laser field interacts with
atoms or molecules in a gaseous medium. The microscopic
dynamics underlying HHG can be explained by the three-step
model [74,75]. HHG occurs when an intense laser pulse (with
peak intensities of around 1014 W/cm2) [60] interacts with a
medium. In the framework of a single-atom picture, the laser’s
electric field distorts the Coulomb potential of the atom, en-
abling tunnel ionization for outer electrons. The ionization
probability is highly time localized, occurring near the laser
field peaks. After ionization, the electron is accelerated by the
laser field, eventually recombining with the ion and emitting
high-energy photons. The emission is linked to the electron’s
instantaneous acceleration due to the Coulomb potential. In
a collection of atoms, the emitted radiation forms a coherent
pulse train, spaced by half the optical period of the driving
field. Fourier transforming this pulse train generates a har-
monic spectrum with components spaced by twice the laser
frequency, leading to odd-order harmonics. The spectrum can
extend into the XUV and soft x-ray regions depending on the
laser intensity and wavelength [60,76].

While traditional HHG has proven to be a powerful tool
for generating ultrashort, XUV laser light, it also presents
challenges in terms of maximum achievable power and tun-
ability. To address these limitations, novel approaches have
been developed, one of which involves the use of frequency
combs. One such innovation is intracavity HHG [77,78],
where a high-average-power infrared frequency comb, deliv-
ering femtosecond pulses at MHz repetition rates, is coupled
to a dispersion-controlled optical cavity.

A frequency comb is a laser technology that generates
a spectrum with evenly spaced frequency lines, created by
a mode-locked laser emitting ultrashort pulses at a fixed
repetition rate. The comb frequencies are described by

fn = n frep + f0, where frep is the pulse repetition rate and f0 is
the carrier-envelope offset frequency. The mode-locking pro-
cess synchronizes the laser’s longitudinal modes, producing a
regular pulse train and a discrete frequency spectrum. Stable
frequency combs can be linked to an external reference, such
as an atomic clock, by stabilizing both the repetition rate and
f0 [79]. The carrier-envelope offset arises due to dispersion
in the laser cavity, leading to a phase shift between the car-
rier wave and pulse envelope. This shift is quantified by the
carrier-envelope phase slip �φce, and results in a frequency
offset f0 = fr�φce/2π . Stabilizing f0 is critical for accurate
comb generation. While this led to the development of various
techniques over the years [80–82], most commonly the “f-2f”
interferometer is used, which combines supercontinuum gen-
eration, frequency doubling, and interferometry for feedback
control [79,83].

Building on the success in precision spectroscopy and
metrology, frequency comb technology has been extended
into high-energy photon generation. By combining the preci-
sion and coherence of frequency combs with nonlinear optical
processes, researchers have pushed their applicability into the
extreme ultraviolet (XUV) and soft x-ray regions, bringing
us back to intracavity HHG [77,78]. Coupling a frequency
comb into a dispersion-controlled optical cavity enables phase
matching for high-harmonic generation, leading to the for-
mation of a unique comb structure within each harmonic,
preserving the repetition frequency of the driving pulse train.
This approach allows the generation of coherent light with
photon energies ranging from 8 to 30 eV [77].

The demand for coherent, narrow-band light in the vac-
uum ultraviolet (VUV) spectral region, combined with the
need for precise frequency control, makes frequency combs
a promising tool for addressing the challenges in investigating
the photoinduced nuclear transition in 229Th. Zhang et al. [78]
demonstrated a tunable VUV frequency comb by coupling
a high-repetition-rate femtosecond frequency comb (central
wavelength ∼1040 nm) into a femtosecond enhancement cav-
ity. This setup generated VUV light via intracavity HHG,
producing coherent harmonics spanning photon energies from
7.4 to 9.8 eV. The system achieved linewidths on the kHz
level, making it suitable for high-resolution spectroscopy of
the nuclear transition. In a subsequent study, Zhang et al. [25]
used this VUV frequency comb to precisely measure the en-
ergy of the 229mTh nuclear isomeric transition by referencing
it to a stabilized optical clock in 87Sr. The direct excitation of
229mTh nuclei and the observation of generated fluorescence of
∼8.4 eV (∼148 nm) enabled the measurement of the isomeric
transition energy with unprecedented precision.

Furthermore, a high-power VUV frequency comb laser
system is currently under development at the Fraunhofer ILT
in Aachen as part of the ThoriumNuclearClock ERC Synergy
project [84]. This system is designed to generate VUV radia-
tion at 148 nm with a bandwidth of approximately 2 nm. The
output parameters of an infrared frequency comb at 1050 nm,
with a 40-MHz repetition rate, will be enhanced with a com-
bination of amplification and postpulse compression in order
to generate high harmonics efficiently in a xenon gas jet,
while preserving the laser’s narrow linewidth. The system is
expected to provide an average VUV comb power of � 0.35
mW, sufficient to excite the nuclear transition when tightly
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focused onto thorium ions confined in a linear Paul trap. This
laser system is anticipated to be a key component of the first
prototype of a nuclear clock based on the 229mTh isomer [85].

In summary, the precision and coherence of frequency
combs, particularly when combined with intracavity high-
harmonic generation, have proven to be and will continue to
be instrumental in advancing nuclear spectroscopy of 229Th.

Resonant dispersive wave emission. In the context of
successful nuclear photoexcitation of 229mTh with table-top
lasers, the reported laser intensities and measured lifetimes
from Refs. [24,25] correspond to a relatively low Rabi fre-
quency. Coherent control of the nuclear state would require
a much higher power in the VUV range [25]. Apart from
fiber-based four-wave-mixing approaches that were already
presented, another promising avenue for addressing this chal-
lenge lies in the use of resonant dispersive wave emission
within hollow-core fibers.

When highly intense optical pulses propagate in a non-
linear, dispersive medium, they undergo modifications due to
self-phase modulation (SPM). This process induces variations
in the instantaneous frequency of the pulse, resulting in a
spectral broadening due to intensity-dependent changes in the
refractive index. Group-velocity dispersion (GVD) further af-
fects pulse shape by causing different frequency components
to propagate at different speeds, depending on the sign of
the GVD parameter β2. To quantify the effects of SPM and
GVD and mathematically describe the propagation of light
pulses through nonlinear, dispersive media, one can employ
the nonlinear Schrödinger equation, where temporal pulse
broadening due to GVD competes with spectral pulse broad-
ening due to SPM. Under specific conditions, it is possible
to achieve complete compensation of both effects, leading
to the formation of optical pulses that remain invariant to
SPM- and GVD-induced changes, known as temporal optical
solitons [60].

Optical soliton dynamics play a crucial role in a variety
of nonlinear optical phenomena, particularly in fiber optics.
Common applications include pulse compression [86], su-
percontinuum generation [87], and resonant dispersive wave
(RDW) emission [88,89] in gas-filled hollow-core fibers
(HCF). Among these, RDW emission is particularly note-
worthy, as it enables the generation of few-femtosecond laser
pulses that are tunable from the vacuum ultraviolet (VUV) to
the near infrared [90]. The dispersion properties of a hollow
capillary fiber can be tailored by adjusting the GVD parameter
β2, which depends on the wavelength λ and gas pressure p in
the waveguide. In HCFs, the total GVD profile results from
both waveguide dispersion and gas dispersion. The waveg-
uide dispersion of an evacuated capillary is always anomalous
(β2 < 0) across all wavelengths, whereas the gas dispersion is
normal (β2 > 0) from the ultraviolet to the near infrared. By
adjusting the gas pressure, one can control the total dispersion
profile [91]. The wavelength of the RDW depends on the
pump wavelength relative to the zero-dispersion wavelength
of the waveguide, which is influenced by the gas type, pres-
sure, and fiber core diameter. By tuning these parameters,
phase matching of RDW emission can be achieved over a
broad spectral range (110–350 nm), generating pulse energies
at tens of microjoules in the VUV range between 107–180 nm
[89]. Numerical simulations suggest that this process can

be scaled by at least one order of magnitude, potentially
generating up to 300 µJ of VUV pulse energy with peak pow-
ers exceeding 80 GW. If realized experimentally, a table-top
laser source based on RDW emission could surpass free-
electron lasers (FELs) in peak brightness within the VUV
spectral region [89].

Given the increasing advancements in fiber laser systems
and their ability to efficiently generate VUV light, resonant
dispersive wave emission could play a key role in scaling up
the power of VUV lasers for precise nuclear excitation. This
would provide a new approach for achieving the necessary
high-intensity fields to probe and manipulate nuclear states
with unprecedented control.

To provide a structured comparison of the various ap-
proaches for vacuum ultraviolet (VUV) generation, the
following table in Fig. 3 summarizes the typical parameter
ranges achieved across the main schemes discussed: nonlin-
ear crystal-based generation, resonance-enhanced four-wave
mixing (FWM), cavity-enhanced high-harmonic generation
(HHG), and VUV frequency combs, as well as resonant
dispersive-wave (RDW) emission. The comparison includes
key laser characteristics relevant for VUV-driven experiments,
namely, spectral bandwidth, pulse energy, repetition rate, and
conversion efficiency from the laser driver.

E. Novel routes for the photoexcitation of nuclear states

The above-mentioned approaches of nuclear photoexci-
tation have relied on comparably broadband VUV sources,
FELs, or synchrotron radiation, but these methods often suffer
from low efficiency, limited spectral resolution, or impractical
experimental constraints. To overcome these challenges, novel
excitation schemes are being proposed that leverage advances
in laser physics, structured light fields, and quantum control
techniques.

In this section, we present three promising approaches:
photoexcitation with twisted light, which exploits the unique
properties of orbital angular momentum to enhance nuclear
coupling; continuous-wave VUV lasers, which offer the spec-
tral precision and stability necessary for resonant nuclear
excitation; and rapid adiabatic passage, a robust quantum con-
trol method that enables efficient population transfer even in
the presence of spectral uncertainties. In the near future, these
techniques could represent significant steps toward photoex-
citation of nuclear transitions.

Photoexcitation with twisted light. Twisted light, also
known as optical vortex beams, is a special type of structured
light that carries orbital angular momentum (OAM). Unlike
conventional plane waves, which have a uniform phase front
and carry only spin angular momentum (SAM) determined by
their polarization helicity (e.g., circular polarization), twisted
light features a helical wavefront (vortex beams), that gives
rise to a spatially varying intensity and momentum distribu-
tion [92–94]. While SAM is an intrinsic angular momentum
associated with polarization of plane wavefronts, OAM is a
spatial degree of freedom, arising from the beam’s transverse
phase structure, allowing twisted light to interact with mat-
ter in fundamentally different ways than plane waves. While
extensively studied in atomic physics [95–97], its application
in nuclear physics remains largely unexplored, particularly in
the context of nuclear clock transitions.
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FIG. 3. Comparison of the VUV generation schemes that were described in previous subsections and their typical output parameters.

In a recent work, Kirschbaum, Schumm, and Pálffy [98]
investigated the feasibility of using twisted light to drive the
8-eV nuclear clock transition in 229Th. Their study considered
two experimental scenarios: excitation of a single trapped
229Th ion and excitation of an ensemble of 229Th nuclei em-
bedded in a CaF2 crystal. Using a density matrix formalism,
they calculated nuclear excitation probabilities and analyzed
the effects of twisted light on the transition selection rules.

In the case of a single ion, they show that the excitation
probability depends on the impact parameter, i.e., the relative
position of the nucleus with respect to the phase singularity
of the twisted light beam. A particularly striking result is that,
on axis (zero impact parameter), twisted light can suppress
the magnetic dipole (M1) transition and selectively excite the
electric quadrupole (E2) transition, a feature that cannot be
achieved using plane waves. When the ion is placed off axis, a
mixture of M1 and E2 transitions occurs, but with altered rel-
ative strengths compared to conventional excitation schemes.
Similar experimental findings, supported by a complete theo-
retical framework, were presented by Solyanik-Gorgone et al.
[99], where single 40Ca+ ions interacted with tailored, twisted
electromagnetic fields.

For the case of ensemble excitation in a CaF2 crystal, the
study takes into account the effects of quadrupole splitting
induced by the crystal lattice, which affects the orientation
of the nuclear quantization axes. The results suggest that
while twisted light interacts differently with nuclei aligned
along different crystallographic directions, the overall excita-
tion probability remains comparable to that of a plane wave in
many configurations. Nonetheless, the findings indicate that
structured light beams could provide additional degrees of
freedom for nuclear excitation control in solid-state nuclear
clocks.

The uniqueness of this work lies in the demonstration that
twisted light can alter the selection rules governing nuclear
transitions, enabling a level of control that was previously
unattainable. By leveraging the structured phase properties
of twisted light, the study proposes a method to suppress or
enhance specific nuclear transition pathways, which could be
advantageous for future precision spectroscopy experiments
on 229Th. These results provide a theoretical foundation for
future experimental efforts and suggest that structured light

beams could be used to optimize nuclear excitation schemes,
particularly in the context of developing a nuclear clock.
To implement these findings in an experimental setting, the
first challenge would be the development of coherent, tunable
twisted light sources in the VUV regime. For trapped ion ex-
periments, precise control over the impact parameter between
the ion and the twisted beam’s phase singularity would be
necessary to exploit the unique selection rules predicted in
the study. In the crystal-based approach, careful control over
doping processes and crystallographic orientation could help
tailor the nuclear excitation process to take full advantage of
twisted light properties.

Continuous-wave VUV lasers. In the subsection on fre-
quency up-conversion in nonlinear crystals, solid-state VUV
lasers were introduced as one of the possible drivers for the
nuclear transition in 229Th. While the generation of pulsed-
VUV laser light has been achieved, an ideal laser for this
application would be stable, narrow-band (mHz bandwidth),
and continuous wave (cw) [100]. At the same time, the intrin-
sic limitations of currently used nonlinear crystal materials
have been presented. Apart from that, the generation of cw-
VUV radiation in a similar scheme as in the already presented
Ref. [63] via SFG would require highly intense cw-laser
drivers below 190 nm, which currently do not exist [100].

In an effort to find the key to solid-state VUV genera-
tion, different materials that display nonlinear optical behavior
have been investigated. In their research paper, Herr et al.
[101] have presented one promising candidate, which is
BaMgF4 (BMF). BMF is a ferroelectric, nonlinear material
with a transparency range between approximately 130 nm to
13 µm [101]. Because BMF is a ferroelectric crystal, one can
access the full transparency range for frequency conversion
processes by exploiting quasiphase matching (QPM) through
electric-field poling. By moving a metal tip over the crystal
while applying a high voltage, they achieved domain inversion
and identified an angular bandwidth for which high-quality
poling occurs without degradation. This marks the first suc-
cessful demonstration of nonparallel domain poling in BMF,
crucial for tunable all-solid-state VUV sources [101].

These findings have major implications for cw-VUV
lasers. BMF’s broad transparency range, resistance to photo-
darkening, and nontoxic nature make it a strong alternative to
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KBBF, which requires prism coupling [63]. Future research
should focus on miniaturizing QPM periods and optimizing
poling techniques to unlock BMF’s full potential for compact,
tunable VUV laser sources, with applications in precision
spectroscopy and photoexcitation of nuclear transitions.

Coherent control schemes. Rapid adiabatic passage (RAP)
is a well-established quantum control technique that enables
highly efficient and selective population transfer between two
quantum states [102]. In essence, RAP relies on sweeping
the frequency of a driving field in a controlled manner, for
example, by introducing a linear chirp to the driving laser
field, ensuring that the system follows its instantaneous eigen-
state without undergoing nonadiabatic transitions. For the
efficient excitation of a nuclear excited state, RAP presents
a promising alternative to direct resonant excitation, as it
would circumvent the need for a narrow-band laser source
while still achieving a very high population efficiency. Similar
coherent control schemes for nuclear state population transfer,
including the use of partially overlapping x-ray pulses, have
been investigated theoretically in the context of the 229Th
isomer [103].

In a RAP scheme, a driving laser field that could be con-
sidered broadband with respect to the linewidth of the nuclear
excited state would be applied to adiabatically sweep through
the resonance of the nuclear transition. The key requirement is
that the interaction remains within the adiabatic regime. This
means that the modulation in laser frequency has to be much
slower than the period of the Rabi frequency of the transition,
but at the same time shorter than the lifetime of the excited
state to avoid unwanted decoherence or relaxation processes
[102]. Quantitatively, this condition is typically expressed as
�τ ≫ 1, where � is the peak Rabi frequency and τ the
pulse duration. A concrete example is provided by Kuznetsova
et al. [104], who demonstrated efficient two-photon popu-
lation transfer to a Rydberg state using chirped pulses of
τ ∼ 0.4 µs duration and Rabi frequencies on the order of
� = 2π × 30 MHz. This yields �τ ∼ 100, satisfying the
adiabaticity condition. Moreover, the pulse duration remained
well below the radiative lifetime of the excited Rydberg state
(tens to hundreds of microseconds), allowing high-fidelity
population transfer without significant spontaneous decay.

It is true that aspects, such as the chirp rate and adiabaticity,
noise on either the energy states or the frequency of the driving
laser [105], as well as dissipation effects [106] are remaining
challenges to achieve RAP for nuclear transitions. At the same
time, solutions to circumvent these issues are investigated and
modeled, while earlier theoretical works such as Bürvenich
et al. [107,108] or Liao et al. [109] further support the idea that
indeed, femtosecond to attosecond x-ray lasers, particularly
seeded FELs or XFELs, may in future be used to coherently
control nuclear transitions.

Implementing RAP in a real experimental setup for nuclear
excitation of 229Th could follow a two-step approach. First,
229Th atoms or ions need to be provided in a well-defined
environment, for example, in a solid-state, high-band-gap host
such as CaF2 crystals [110]. Second, the laser pulses of a VUV
laser system, based on one of the many proposed technolo-
gies in this chapter, would be modulated to sweep across the
nuclear resonance frequency. The presence of RAP-induced
coherent excitation could be verified by monitoring, for

instance, fluorescence photons or internal conversion elec-
trons with characteristic energies.

III. ELECTRON PROCESSES IN NUCLEAR PHYSICS

This section reviews electronic processes in nuclear tran-
sitions, providing an overview of current knowledge and past
and ongoing research. Specific examples where electron pro-
cesses are essential to high-interest nuclear transitions, such
as internal conversion in the decay of the isomeric state of
229Th [25,58] or in Mössbauer isotopes like 57Fe [111] or 45Sc
[57], are discussed. Other electronic processes relevant for
nuclear transitions are also presented, i.e., nuclear excitation
by electron capture (NEEC), nuclear excitation by electronic
transition (NEET), and electronic bridge (EB).

A. Internal conversion

Driving nuclear transitions via coupling to the atomic shell
is one of the most intriguing ways for the manipulation of
nuclear states. Of particular interest is the internal conversion
(IC) process, a nuclear deexcitation mode which competes
with gamma emission. In the process of IC, nuclear excitation
energy is transferred to a bound electron in the atom, which
is then ionized, emitting so-called conversion electrons [112].
Internal conversion is favored whenever the energy available
for a gamma transition is small, and it is also the primary mode
of deexcitation for 0+ → 0+ (i.e., E0, electric monopole)
transitions, where γ decay is forbidden in all orders of the
multipole expansion due to angular momentum and parity
conservation [113]. It is of particular importance in heavy
nuclei, as the IC decay rate scales with Z3. The competi-
tion between IC and gamma decay is quantified in the form
of the internal conversion coefficient α which is defined as
α = Ŵe/Ŵγ , where Ŵe is the rate of decays via the emission of
conversion electrons and Ŵγ is the rate of gamma-ray emis-
sion observed from a decaying nucleus [113]. A prominent
example is the isomeric first excited state of 229Th, with a
uniquely low-excitation energy of about 8.356 eV, represent-
ing the lowest nuclear excitation presently known. Therefore,
radiative decay is strongly suppressed, resulting in a rather
long lifetime of the ‘thorium isomer 229mTh of about 2000 s
[23]. The ratio of the radiative decay width to the ground-state
transition energy is presently estimated at Ŵγ /Eiso ≈ 10−19.
Given this very narrow width and the high resilience of nuclei
to external perturbations (due to the small nuclear moments
compared to the about 105 larger atoms) [114], the isomeric
state has been proposed for applications such as a nuclear fre-
quency standard (nuclear clock) with unprecedented accuracy
[8,114,115], a nuclear laser [116], or coherent control of the
nuclear excitation via the electronic shell [117]. As a result
of the low-excitation energy, the thorium isomer can decay
via three decay channels to its ground state, whose occur-
rence depends on the electronic environment of the nucleus
[118–121]: when the binding energy of an electron EB in the
atomic shell of the nucleus is lower than the excitation energy
of the isomer Eiso, the isomer decays preferably via internal
conversion (IC) [122] by emitting a conversion electron with
an energy Ee = Eiso−EB. Alternatively, the deexcitation could
proceed via γ decay (emission of a VUV photon). Another
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possible decay channel is bound internal conversion (BIC),
where the nuclear decay energy is also transferred to the
electronic shell. Instead of an electron being emitted, as in
the internal conversion decay, an electronic state is excited
[123]. Since the nuclear excitation energy of the thorium
isomer 229mTh (8.356 eV) lies above the first ionization thresh-
old of Th (6.30670 eV [124–126]), the ground-state decay of
the nuclear excited state from a neutral atom can occur not
only radiatively but also via internal conversion (IC), while
this decay branch is energetically suppressed in ionic charge
states of 229mTh (second ionization potential in Th: 12.1 eV
[125,126]). Due to the large internal conversion coefficient
of α ≈ 109 the partial IC lifetime is accordingly reduced
to 7(1) µs [127,128]. In these experiments, where initially
charged 229mThq+ ions were neutralized on metallic surfaces
to trigger the IC decay, indications of a dependence of the
IC decay lifetime on the electronic environment were seen,
motivating still ongoing studies of the lifetime of 229mTh when
being neutralized on metallic surfaces with different work
functions. The radiative decay of 229mTh escaped experimental
observation for decades and hence the first direct observa-
tion of the 229mTh ground-state decay was realized via IC
electron detection following the 233U α decay, feeding with
a 2% decay branch into the thorium isomer [58]. Also, the
first precise direct determination of the 229mTh excitation en-
ergy was achieved by conversion electron spectroscopy [127].
Only recently the VUV fluorescence decay of 229mTh could
be identified first from implanted 229Ac nuclei (which β de-
cay into 229(m)Th) in different large-band-gap crystals (CaF2,
MgF2) [26] and subsequently also directly via resonantly irra-
diating highly 229Th-doped VUV transparent, large-band-gap
crystals with a broadband laser [23,24] and a narrow-band
VUV frequency comb [25], respectively. However, as these
isomer excitation schemes require highly sophisticated laser
systems that operate in the experimentally unfavorable VUV
wavelength regime, alternative scenarios involving electrons
in the atomic shell could relax the experimental challenges
considerably. Consequently, excitation processes of the tho-
rium isomer 229mTh via coupling to electrons have also
been extensively studied [129], for example, via electronic
bridge (EB) processes [130–136], inelastic scattering of elec-
trons [137,138] or muons [139], and laser-driven electron
recollision [140–142].

B. Nuclear excitations by electron processes

in Mössbauer isotopes

It is a long-standing challenge: Is it possible to fully excite
an ensemble of atomic nuclei using externally applied elec-
tromagnetic fields [143]? This question relates to the goal of
building a γ -ray laser (“graser”), with inverted nuclei as a
gain medium, which was proposed long ago after the laser-
maser principle [144]. The discovery of the Mössbauer effect,
allowing for the recoil-less absorption and emission of γ -ray
photons from certain nuclei [145], further stimulated this re-
search field. While in the early 1990s efforts were directed
towards developing lasing without inversion [146], by the end
of the decade most approaches towards realizing a γ -ray laser
were deemed unfeasible [147]. However, revisiting the initial
goal of the graser appears appropriate due to (i) recent x-ray

source advances (like the XFEL technology) and (ii) advances
in using Mössbauer isotopes for demonstrating quantum opti-
cal concepts in the regime of hard x-rays, like superradiance
[148], electromagnetically induced transparency in a cavity
[111], vacuum-assisted generation and control of atomic co-
herences [149], interferometric phase detection [150], tunable
subluminal propagation of narrow-band x-ray pulses [151],
collective coupling of x-rays and nuclei in a nuclear optical
lattice [152], Rabi oscillations of x-ray radiation between two
nuclear ensembles [153], or coherent control of the wave-
forms of recoilless γ -ray photons [154].

Advances in x-ray source technology such as x-ray free-
electron lasers (XFEL) [55,155] have stimulated the study
of high-energy nonlinear effects in atoms, analogous to the
groundbreaking development at lower photon energies fol-
lowing the invention of conventional laser sources. Various
nonlinear x-ray processes have already been observed in-
volving electronic transitions [156–160]. Also lasing on an
inner-shell electronic transition based on XFEL-generated in-
version has been demonstrated [161]. This raises the question
if the source advances provide new approaches for the exci-
tation of nuclei. Moreover, Mössbauer nuclei have evolved
into a promising platform for quantum optics at energies of
hard x-rays. The extremely narrow linewidth of Mössbauer
transitions renders them ideal candidates for applications in
precision spectroscopy and quantum optics, as detailed in
the overview and reviewing publications [162–164]. Most
commonly associated with the study of hyperfine interactions
in solid-state targets, recent years have witnessed a rising
interest in Mössbauer nuclei as an experimental platform
for studying and controlling quantum dynamics and quan-
tum optical effects [165]. The manipulation of light-matter
interactions by controlling atomic levels enables many appli-
cations in optical sciences (see [111] and references therein).
The key underlying technique is electromagnetically induced
transparency (EIT), where quantum interference between
electronic transitions turns an opaque medium transparent
near an atomic resonance [166]. With the advent of high-
brilliance, accelerator-driven light sources such as storage
rings or (FEL-based) x-ray lasers, it has become attractive to
extend the techniques of optical quantum control to the x-ray
regime [167,168]. As a prototypical example, in [111] nuclear
electromagnetically induced transparency in the regime of
hard x-rays was demonstrated, using the two-level system
of the 14.4-keV nuclear resonance of the Mössbauer isotope
57Fe (neglecting the nuclear hyperfine interaction). The key
to the realization of nuclear EIT demonstrated in [111] was
cooperative emission from ensembles of Mössbauer nuclei
that were properly placed in a planar cavity for hard x-rays
provided by synchrotron radiation from the PETRA III syn-
chrotron radiation source of DESY (Hamburg). The radiative
coupling of the nuclear ensembles by the cavity field estab-
lishes the atomic coherence necessary for the cancellation of
resonant absorption. Because this technique does not require
atomic systems with a metastable level, electromagnetically
induced transparency and its applications can be transferred
to the regime of nuclear resonances, establishing the new field
of nuclear quantum optics [111]. The nuclear resonances of
Mössbauer isotopes exhibit extremely narrow energy refer-
ences for high-resolution spectroscopy, especially in the field
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FIG. 4. Illustration of the nuclear excitation by electron transition (NEET) and nuclear excitation by electron capture (NEEC) processes.

(a) The nucleus is in the ground state (G), the atomic shell has vacancies. (b) Electrons are captured and transition into atomic states and the

nucleus is excited. (c) The nuclear excited state decays via γ -ray emission (the K vacancy is filled from the L shell with x-ray emission). (d)

The nuclear state decays via internal conversion and electron emission.

of extreme metrology with applications to probe fundamental
physics. Ultranarrow nuclear transitions are particularly suited
for such applications due to their inherent insensitivity to ex-
ternal perturbations as compared to electronic levels. Hence,
another candidate for a nuclear clock isomer is the ultranarrow
nuclear resonance transition in 45Sc between the ground state
and the 12.4-keV isomeric state with a lifetime of 0.47 s
[169]. The scientific potential of 45Sc was realized long ago,
but applications require 45Sc to be resonantly excited. This
necessitates, in turn, accelerator-driven, high-brightness x-ray
sources that have become available only recently, e.g., with
the European XFEL at DESY in Hamburg [22,170]. Recently,
resonant x-ray excitation of the 45Sc isomeric state could be
demonstrated by irradiation of a Sc-metal foil with 12.4-keV
photon pulses from a state-of-the-art x-ray free-electron laser
and subsequent detection of nuclear decay products [57]. X-
ray free-electron lasers promise a substantial enhancement of
the number of nuclear-resonant photons per pulse, such that
excitations beyond the low-excitation energy regime come
within reach. Closest to internal conversion discussed be-
fore, its inverse process nuclear excitation by electron capture
(NEEC) will be introduced next, followed by nuclear exci-
tation by electron transition (NEET). These processes can
provide very efficient nuclear excitation mechanisms for small
transition energies and are expected to play an important role
in dense stellar (as well as high-power laser-induced) plas-
mas. These processes are schematically illustrated in Fig. 4.
Couplings between atomic and nuclear degrees of freedom
are also expected to play an important role in the context of
nuclear isomers, i.e., long-lived excited nuclear states like the
previously discussed 229mTh.

C. Nuclear excitation by electron capture (NEEC)

In the resonant process of nuclear excitation by electron
capture (NEEC), an electron recombines into an atomic shell
vacancy of an ion accompanied by the simultaneous excitation

of the nucleus [171,172]. NEEC can occur when the initial
(precapture) kinetic energy of the electron plus the electron
binding energy released upon its capture matches the energy
difference between the two nuclear states. For capture of a
free electron, this mechanism, as originally conceived in 1976
by Goldanskii and Namiot [171], is the inverse of the internal
conversion (IC) process discovered about 100 years ago and
was correspondingly dubbed inverse internal electron conver-
sion (IIEC). Only excitations from the nuclear ground state
were treated in [171]. In 1989, Cue, Poizat, and Remillieux
considered a similar scenario, but with the excitation of the
nucleus of a projectile ion arising from capture of a target-
bound electron; they coined the term NEEC [173] which, in
later theoretical developments (see [174,175]) replaced the
name IIEC for free-electron capture as well. Zadernovsky and
Carroll later extended the NEEC concept to excitations from
a nuclear isomer, rather than the ground state, as a mecha-
nism for isomer depletion [176]. Very recently Carroll and
Chiara published a review article on isomer depletion [177].
NEEC has been investigated theoretically or envisaged exper-
imentally in channeling through crystals, laser-generated or
astrophysical-type plasmas, storage rings, or electron beam
ion traps (EBITs). NEEC with reshaping of electron wave
functions or with excited ions has also been studied theo-
retically. Related references can be found in [178]. In the
context of 229Th, NEEC was investigated theoretically for the
scenario of a direct excitation to the isomer 229mTh in a plasma
generated in a laser-cluster interaction [179]. Moreover, an ef-
ficient production of the nuclear clock isomer 229mTh through
excitation of 229Th to its second excited state at 29.19 keV via
NEEC was theoretically studied in [178]. In general, the dis-
cussion of the NEEC process is closely related to the question
of depleting long-lived nuclear isomers, as long-lived nuclear
metastable states can store large amounts of energy over long
periods of time. Provided a suitable nuclear level scheme, an
excitation, possibly via the atomic shell, can proceed from
the isomeric state to a higher-lying gateway level. Then, the
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FIG. 5. Left: Illustration of the isomer depletion in 93mMo following (e.g., NEEC induced) excitation of the isomer (IS) into a higher-lying

gateway state (GW), followed by a rapid E2 decay cascade (F) towards the ground state (GS). Right: level scheme with isomer depletion

scheme for 84mRb.

subsequent nuclear decay may proceed directly to a state be-
low the isomer, thus allowing to reach the ground state in a fast
cascade. Such a decay sequence is called isomer depletion,
as it allows for the depopulation of the isomeric state and
thus a controlled release of the energy stored in the long-lived
metastable state. Isomer depletion has been discussed as a po-
tential energy storage solution (nuclear battery). Figure 5 (left
panel) exemplifies the described scenario for the prototypical
example of the long-lived (t1/2= 6.85 h) Iπ = 21/2+ isomer
at an excitation energy of about 2.42 MeV in 93Mo. Due to the
large spin difference, the (E4) decay of the isomer to the lower
adjacent nuclear level (F, Iπ = 13/2+) is strongly hindered,
however, if an E2 excitation into the upper Iπ = 17/2+ level
could be achieved, e.g., via NEEC, then a rapid depopulation
via a cascade of fast E2 transitions would be initiated. A
comparable scheme holds for 84Rb, as shown in the right panel
of Fig. 5. The NEEC process for the 84mRb isomer (Iπ = 6−,
t1/2 = 20.26 min) allows for an excitation by magnetic-dipole
(M1) and electric-quadrupole (E2) transitions into a deple-
tion gateway level (Iπ = 5−), which subsequently decays,
releasing a substantial amount of stored energy [180].The first
claim of experimental observation for NEEC was reported
2018 through 93mMo isomer depletion in a beam-based fusion-
evaporation scenario [181]. However, subsequent theoretical
calculations contradict the experimental value for the NEEC
excitation probability as being orders of magnitude higher
than theoretical expectations [182–184], and the subject re-
mains since then controversially debated [185,186]. A new
and similar experiment has been performed with an isomer
beam, but no signal of isomer depletion was observed [187].
Moreover, in the beam-based theoretical study of [180] the
total NEEC probability (M1 plus E2) for the 84mRb isomer
is found to be almost three orders of magnitude higher than
that predicted for the 93mMo isomer. This makes the 84mRb
isomer a promising candidate for new NEEC beam-based ex-
periments. Also, in [178] it could be shown that the production

rate of 229mTh per nucleus via NEEC with presently accessible
experimental conditions can be six orders of magnitude larger
than the value experimentally demonstrated using 29-keV
synchrotron radiation for this indirect excitation scheme. With
an efficient production of 229mTh, a scenario has been iden-
tified with which NEEC events could be identified, for a
clear experimental identification of the long-sought NEEC
phenomenon.

D. Nuclear excitation by electronic transition (NEET)

The excitation of nuclear levels induced by the transfer of
energy from the atomic part to the nuclear part of an atom
has been the subject of a large number of investigations.
The aim underlying this research is the possibility of finding
an efficient mechanism to excite nuclear isomers in view of
further applications for energy storage and the development
of lasers based on nuclear transitions. Nuclear excitation by
electronic transition (NEET) is a rare decay mode for excited
atomic states resulting in nuclear excitation [187]. Atomic
states normally decay via x-ray emission and/or Auger elec-
tron emission. Exchange of a virtual photon induces NEET as
a second-order effect. Hence, the NEET probability is small,
many orders of magnitude less than atomic deexcitation by
x-ray emission. NEET requirements include an energy degen-
eracy between the atomic and nuclear states, and the same
transition multipolarity between the states. NEET was first
discussed by Morita in 1973 to explain the excitation of a level
at approximately 43 keV in 235U [188]. The idea was later ap-
plied to the excitation of other low-energy levels in a variety of
nuclei. The best known low-energy transitions that have been
considered are the transitions at 77.3, 69.5, and 102.9 keV,
respectively, in the nuclei 197Au [189], 189Os [190], and 237Np
[191]. However, initially contradictory results were obtained
for the NEET process probability in these nuclei [192,193].
The development of intense beams of synchrotron radiation
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FIG. 6. Feynman diagrams of the electronic bridge (EB) process.

The single and double solid lines relate to the electronic (i: initial,

n: intermediate, f: final state) and the nuclear transitions (m: excited

isomeric, g: ground state), respectively. The dashed lines are the

photon lines. Adapted from [131].

has enabled experiments designed to determine the probability
of NEET induced by synchrotron radiation in nuclei where
the NEET conditions are met. Experimental observation of
NEET induced by synchrotron radiation has been reported
by Kishimoto et al. in 197Au [189]. The excitation probabil-
ity for NEET of the level at 77 keV in 197Au was deduced
as (5.0 ± 0.6) × 10−8, by about a factor of 2 in agreement
with the theoretical prediction in [194]. Various experimental
attempts to identify NEET in 235U and determine its excitation
probability via the (laser-generated plasma induced) excita-
tion of the 26-min isomer 235mU remained unsuccessful so
far [195,196]. Moreover, NEET has also been discussed the-
oretically as a new and effective way to populate the thorium
isomer 229mTh [197].

E. Electronic bridge

Lastly, the electronic bridge (EB) will be discussed as
another scenario capable of nuclear excitation involving the
atomic shell as mediator, specifically targeting the nuclear
clock isomer 229mTh. The enhancement of γ -decay rates
through the excitation of shell electrons to higher-lying bound
states has been the subject of extensive theoretical studies,
and the term “electronic bridge” (EB) was introduced in this
context [198]. The inverse process is the previously discussed
process of nuclear excitation by electron transition (NEET).
The EB is a process coupling a nuclear transition to an
electron transition in the atomic shell via electromagnetic
interactions. This mechanism becomes relevant especially in
the case of low-energy transitions, where the radiation wave-
length exceeds the nuclear size by many orders of magnitude
and radiative coupling to the larger electron shell serves as
a somewhat better matched antenna [9]. Fortunately, the EB
does not require a perfect energetic match between the atomic
and nuclear transitions: the energy mismatch is covered by
the emission or absorption of a photon. This process was
first investigated theoretically in [199,200] for resonant pro-
cesses, later extended in [198] also to nonresonant processes.
In the literature the term EB is used both for nuclear exci-
tation and for nuclear decay, with the corresponding atomic
shell transitions. The EB process can be illustrated by the
two Feynman diagrams displayed in Fig. 6. In the follow-
ing we assume that the initial i and the final f electronic
states are of opposite parity and fixed. A real electric dipole

photon is emitted or absorbed. The EB process can be ef-
fectively treated as the electric dipole i → f transition of
the electron accompanied by the nuclear transition from its
isomeric state m to the ground state g. First experimental
observation of nuclear deexcitation via an electronic-bridge
mechanism was reported through studying the deexcitation of
the 30.7-keV (t1/2 1̃3.6 yr) isomeric level of 93Nb with the
electronic bridge involving initial-state L-shell electrons and
final-state N-shell or higher electrons [201]. Agreement within
a factor of 4 was achieved with theoretical calculations [202].
To date, EB schemes for nuclear excitation in 229Th have
been theoretically investigated for 229Th [121,203], 229gTh+

[131,132], 229Th 2+ [8], 229Th3+ [133,204–207], 229Th35+

[135], and 229Th-doped (CaF2) crystals [136]. Specifically,
triply charged 229mTh ions are favorable to be stored in an
ion trap for laser manipulations. Owing to their simple elec-
tronic energy levels (one valence electron outside an inert
Rn core), the trapped 229Th3+ ions can be laser cooled to
form a linear-chain Coulomb crystal using two closed transi-
tions in the nuclear ground state of 229Th3+ (229gTh3+) [208].
When the Th ions are prepared in the 7P1/2 state, EB ex-
citation can be triggered by a 350-nm laser, and isomeric
states are expected to be populated. Finally, the isomeric
state is detected based on the isomer shift of the cooling
lasers [115].

IV. ELECTRON PROCESSES IN ATOMIC

AND MOLECULAR PHYSICS

In this section we review electronic processes relevant in
atomic and molecular physics. Particular emphasis is given
to the time-resolved techniques that enable access to the
light-induced electron dynamics at its intrinsic timescale.
A specific focus is given to photoemission and the abil-
ity to reveal electron correlation effects via attosecond
time-resolved photoemission delays. Additionally, molecular
processes resulting from the electron-electron or electron-
nuclei interactions such as charge migration and charge
transfer are discussed. We make an important note concerning
formalism: in this section, electron-nuclei interactions refer to
nonadiabatic processes in molecular physics, i.e., the coupling
between electronic states and the movement of atoms within
a molecule. In the other sections, electron-nucleus couplings
refer instead to the interaction between electrons and nuclear
states.

A. Photoemission delays and electron-electron interactions

The photoelectric effect, which leads to the emission of
an electron from a target when exposed to a photon with
energy exceeding the binding energy, is well understood.
However, for long it has been debated whether the emitted
electron appears in the continuum instantaneously or with a
brief delay. When treated from a quantum mechanical per-
spective, it becomes evident that photoemission must occur
with a certain delay. Indeed, the photoemission process can be
accurately described as a half-scattering mechanism involving
the outgoing electron wave packet (EWP) interacting with the
binding potential. Reviving the quantum scattering theory pro-
posed by Eisenbud [209] and Wigner [210] first and later by
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Smith [211], it is indeed possible to extract a scattering delay.
Specifically, the scattered electronic wave experiences a phase
shift relative to a wave propagating in a potential-free region.
This phase shift is referred to as the Eisenbud-Wigner-Smith
(EWS) phase, and its energy derivative corresponds to a finite
delay known as the EWS delay. Since in the photoemission
process the EWS delay typically ranges from a few tens of at-
toseconds to hundreds of attoseconds, the direct measurement
of this delay has remained inaccessible until attosecond light
sources became available.

As outlined in Sec. II, attosecond pulse generation relies
on a strong-field mechanism known as high-order harmonic
generation (HHG) [74–76]. HHG produces a frequency comb
consisting of odd-order harmonics of the driving laser fre-
quency, which corresponds to a train of attosecond pulses
in the time domain. By using gating techniques, a single at-
tosecond pulse can be isolated, leading to continuous emission
across several tens or hundreds of eV within the extreme ultra-
violet (XUV) and soft x-ray spectral ranges, respectively. The
timing of the photoemission process can be achieved through
two main pump-probe approaches: The first one is named
RABBITT (reconstruction of attosecond beating by interfer-
ence of two-photon transitions) [212], while the second one is
named attosecond streak camera [213,214]. A comprehensive
review of the measurement of photoemission delays using
both approaches can be found here [215].

In both RABBITT and streaking, a target is photoionized in
the copresence of XUV and near-infrared (NIR) laser pulses
that are phase locked. The resulting photoelectrons are col-
lected as a function of the delay between the two pulses
(similarly to the pump-probe concept explained in previous
sections). In RABBITT, an attosecond pulse train is used,
where quantum interference between two ionization pathways
that lead to the same final photoelectron energy is used to
determine the phase of the EWP. In the attosecond streak cam-
era technique, an isolated attosecond pulse is employed, and
the NIR field modulates the momentum of the photoemitted
EWP. The NIR field acts as a phase gate in a time-resolved
manner akin to frequency resolved optical gating (FROG)
[216], which is used to retrieve the spectral phase of optical
laser pulses. Generalized projection algorithms allow for the
extraction of the phase of the photoemitted EWP from the
streaking spectrogram [217].

In attosecond time-resolved measurements, the extracted
EWP phase includes two additional contributions to the EWS
phase (�φEWS) that must be taken into account: The first
one, �φXUV, commonly referred to as the attochirp [218,219],
originates from the spectral phase of the ionizing attosecond
pulse (or attosecond pulse train). The second contribution,
�φCC, originates from the so-called continuum-continuum
transitions, which are mediated by the NIR probe pulse in
the tail of the Coulombic potential [220,221]. Several theo-
retical and experimental works reported on the precision with
which the two above-mentioned approaches allow the extrac-
tion of �φEWS, and consequently the EWS delay, for several
atomic [220,222–226] and molecular species [227–232]. It
is important to note that molecular photoionization presents
additional complexities compared to the atomic case. Specif-
ically, it has been shown that photoemission delays depend
on both the molecular orientation and the multicenter

character of the Coulombic potential. Furthermore, it has been
demonstrated that nuclear motion in molecules significantly
influences the photoemission time extracted from both RAB-
BITT and streaking techniques [233]. Photoemission delays
have been measured across a broad range of targets, including
rare gas atoms, increasingly complex molecules [234], liquids
[235], and solids [236–239]. The information carried by the
measured attosecond photoemission delays varies according
to the type of system under investigation. In the gas phase,
these delays typically reflect the scattering of electrons within
the Coulombic potential. In contrast, in the liquid or solid
state, they generally provide insights into the transport dynam-
ics towards the surface.

Beyond facilitating the precise determination of the phase
shifts induced by the Coulombic potential and the laser field,
the EWS phase also carries significant information about
electron-electron interactions. Specifically, in the proximity
of resonances, the correlated dynamics of the photoionized
resonant EWP strongly affects the photoemission delay. In
this context, extensive studies have been conducted in the
proximity of autoionizing resonances, where electron cor-
relation effects dominate the dynamics. In noble gases, the
typical signature of these autoionizing resonances is an asym-
metric line shape in the absorption spectrum, which has
been explained by Fano in the framework of the configu-
ration interaction (CI) as an interference effect between the
direct photoionization channel and an indirect channel re-
sulting from the photoexcitation of an electron to a bound
state embedded in the ionization continuum [240,241]. These
bound states are short lived and decay via the autoion-
ization process into continuum states. Signatures of these
autoionizing resonances have been found, experimentally and
theoretically, in the photoemission delays extracted from
atomic species both with RABBITT [242,243] and streaking
[244,245] approaches. Using a spectrally resolved RAB-
BITT approach (Rainbow RABBITT), it has been possible
to follow the building up of a Fano resonance on a sub-fs
timescale [246].

In the context of photoionization and electron correlation
effects, it is worth mentioning the peculiar case of sub-
nanometer plasmonic systems such as fullerenes. Fullerenes
are cage-shaped single molecules of n carbon atoms (Cn),
with C60 being the most extensively studied [247]. Due to the
highly delocalized nature of their valence molecular orbitals
surrounding the carbon cage, fullerenes exhibit distinctive
giant plasmonic resonances (GPRs) [248], which are collec-
tive electronic excitations occurring in the extreme-ultraviolet
energy range. The ultrabroadband nature of these resonances
suggests that they have intrinsically ultrashort lifetimes. When
a GPR is excited, photoionization takes place, and the scatter-
ing of the outgoing electron wave packet on the plasmonic
potential provides crucial information about the nature of the
resonance. Recent attosecond time-resolved streaking mea-
surements in C60 have uncovered the quantum nature of these
GPRs, revealing a strong role of electron correlation effects
[249]. These findings indicate that to accurately describe plas-
mon dynamics in subnanometer particles, it is essential to
move beyond the classical model of collective single-particle
electron motion and properly account for electron-electron
interactions.
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FIG. 7. Schematic of the photoemission process from valence or core levels: Possible electronic reorganization processes, following the

creation of the hole, are also shown. Purple arrows indicate the bound-continuum transitions induced by the absorption of one XUV photon

from a valence (a) or a core state (b). Green arrows indicate the internal electronic reorganizations occurring during different scenarios: Auger-

Meitner decay [(c), following (b)], frustrated Auger-Meitner decay [(d), following (a)] and shakeup [(e), following (a)]. The Auger-Meitner

process is the only one resulting in the creation of two free charges: the photoelectron and the Auger electron.

B. Charge migration and charge transfer

Electron-electron interactions play a central role when
electrons are photoionized from inner valence or core states
in atoms and molecules. The creation of a hole inevitably
leads to a rearrangement of the electronic system, giving rise
to radiative and/or nonradiative recombination. Among the
various relaxation mechanisms, the most common are the
Auger-Meitner decay and shakeup processes. As shown in
Fig. 7, the Auger-Meitner (shakeup) is a multielectron process
in which the hole created by photoionization is filled by one
electron from a valence orbital, while the excess of energy is
ceased to a second electron that is emitted (excited to outer
valence). These relaxation mechanisms generally occur on
ultrafast timescales, ranging from subfemtoseconds to a few
femtoseconds and have been followed in real time for in-
stance by employing the streaking approach described above
[250,251]. More recently, the coherent electronic motion ini-
tiated by x-ray core photoionization of a small molecule and
the subsequent Auger-Meitner decay have been resolved by
using angular streaking and attosecond free-electron laser
pulses [252].In addition to hole recombination, molecules
exhibit another fascinating mechanism known as charge mi-
gration [253]. This process involves the movement of a hole
along the molecular backbone. Studies have shown that dur-
ing charge migration, charge fluctuations can occur at nearly
all molecular sites, without a distinct preference for specific
functional groups [76]. This phenomenon challenges tradi-
tional chemical assumptions, revealing that functional groups
with high electron affinity might temporarily possess less
electronic charge compared to those with lower or negligible
electron affinity, albeit for just a few hundred attoseconds.

Such behavior can cause significant yet temporary changes
in chemical bonding. This area of study has garnered signif-
icant interest due to its potential to facilitate new strategies
for controlling chemical reactions by manipulating charge
motion.

In a frozen nuclei configuration, the charge exhibits back-

and-forth oscillations, with a periodicity solely determined by

the energy difference between the electronic states involved

in the ionization process. This period typically ranges from a

few femtoseconds down to several hundreds of attoseconds.

However, in practice, the onset of the nuclear motion can

induce decoherence, interrupting the charge migration, and

cannot be neglected when modeling the process [254–258].

Charge migration was at first only theoretically predicted

under the assumption of a “sudden ionization” event, caus-

ing the instantaneous removal of one electron from a highly

correlated inner valence electronic state of the C3H2F2O (di-

fluoropropadienone) molecule [253] and it was later computed

for a large variety of molecules [259–261]. The formed elec-

tron wave packet was freely propagated in the basis of cation

eigenstates at a fixed nuclear configuration. The first exper-

iments on charge migration were instead performed in very

different conditions: an attosecond XUV pump pulse was

used to sudden ionize the molecular system (the amino acid

phenylalanine) and a few-femtosecond NIR probe pulse was

used to probe the XUV-induced charge migration by inducing

photofragmentation at variable time delays. A fast modula-

tion in the immonium dication yield was used to detect the

typical oscillatory dynamics peculiar of the charge migration.

This modulation was attributed to the periodic migration of
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the hole between the amino and the carboxyl group of the

molecule [262]. Given the broadband nature of attosecond

light pulses, charge migration was in this case due to the

coherent superposition of a manifold of electronic states that

is inevitably created in the ionization step. Subsequently, a

similar migration was found to occur in the suddenly ionized

amino acid tryptophan [263]. The effect of the nuclear motion

on the temporal evolution of this coherence was the subject of

later studies.
The first experimental demonstration that charge migration

can indeed be triggered by electron correlation effects has
been achieved in the DNA base adenine [264,265]. Here, a
shakeup mechanism, triggered by the sudden ionization of
an inner valence state of adenine, has been identified as the
mechanism behind the out-of-plane charge migration that oc-
curs within a few femtoseconds. This charge redistribution
enhances the likelihood of absorbing a second near-infrared
(NIR) probe pulse, which subsequently leads the molecule
into a doubly charged metastable state. Therefore, it has been
concluded that in this context, charge migration facilitates an
ultrafast stabilization mechanism that protects the molecule
against dissociation.

Charge migration has been extensively studied using var-
ious methods, including time-resolved photoion [263,264]
and photoelectron [266] spectroscopies, high-harmonic gen-
eration (HHG) based spectroscopy [267], and transient
absorption spectroscopy [268]. Recently, research has shifted
towards examining charge migration triggered by nonionizing
radiation, such as ultraviolet (UV) light, in neutral molecules.
Notably, recent studies have focused on UV-excited chiral
molecules. Chiral molecules are nonsuperimposable mirror
images of each other, known as enantiomers, and possess
distinct chemical properties. As a result, molecular chiral-
ity is crucial in various applications, including bioresponsive
imaging, molecular spintronics, and pharmaceuticals. When
charge migration is initiated in a chiral molecule, it can create
chiral currents. These currents serve as a highly sensitive chi-
roptical tool for enantiomeric discrimination and can induce
dynamic changes in the chiral system’s properties. Recent
demonstrations of chiral currents and the ability to modulate
the chiral optical response by activating charge migration
in the molecule methyl lactate have opened new opportuni-
ties for controlling the enantioselective reactivity at ultrafast
timescales [269].

Charge migration is a purely electronic mechanism inher-
ently related to electron-electron interactions. However, it is
important to note that charge dynamics can also be influ-
enced by interactions between electrons and nuclei. This last
case is known as charge transfer [270], and it has been the
subject of extensive research for several decades due to its
critical role in various photoinduced processes within chemi-
cally and biologically relevant systems, as well as in materials
science. Charge transfer serves as a fundamental mechanism
in numerous applications, including redox reactions, photo-
voltaics, and photocatalytic processes [1–3]. While charge
migration occurs periodically, charge transfer is characterized
by a one-way flow of charge from a donor to an acceptor
site. This transfer can occur within a single molecule (in-
tramolecular charge transfer) or between different molecules

(intermolecular charge transfer). Furthermore, charge transfer
can take place in various contexts, such as between a molecule
and its solvent, between a metal and a ligand, or among
different nanostructures and molecular complexes.

Charge migration typically occurs on the electron
timescale (attoseconds to a few femtoseconds), while charge
transfer can happen over much longer timescales, ranging
from tens of femtoseconds to nanoseconds. As mentioned,
charge transfer is often mediated by electron-nuclei interac-
tions, particularly when different electronic states approach
each other in energy and change character along specific nu-
clear coordinates.

It is important to note that there is no sharp boundary
between charge migration and charge transfer; the influence
of electronic coherence on subsequent charge transfer, once
the nuclei begin to move, is still an area of active investi-
gation. Exciting prospects for controlling chemical reactions
arise from the potential to drive them along unconventional
pathways through the coupling of electronic and vibrational
coherences, a territory yet to be fully explored.

V. TOWARD THE TIME-RESOLVED SPECTROSCOPY

OF ELECTRON PROCESSES IN NUCLEAR TRANSITIONS

Until now, we have discussed the correlation between elec-
tronic and nuclear states and current opportunities to drive
nuclear transitions through light. In this context, enhanc-
ing experimental capabilities to study the coupling between
electrons and nuclei is an exciting prospect. Many studies
suggest that electron channels, particularly when employing
photoinduced schemes, offer opportunities to enhance or con-
trol the population of nuclear states [135,136,172,271–280].
However, intensive research is still needed to better under-
stand the fundamental mechanisms governing this many-body
problem, i.e., nucleus-electron-photon interactions, and the
corresponding field of photoelectron spectroscopy remains
largely unexplored. In particular, it is worth considering both
the opportunities and limitations of applying time-resolved
schemes, successfully employed in other branches of physics
(see Sec. IV), to the problem discussed here. This section aims
to outline the key aspects to be considered in the pursuit
of establishing time-resolved spectroscopy for photoinduced
electron dynamics in nuclear transitions.

A. Conversion electron Mössbauer spectroscopy

Historically, spectroscopy of electron channels in nuclear
transitions has primarily been conducted using conversion
electron Mössbauer spectroscopy (CEMS) [276,277,281–
283]. In the seminal works by Bonchev et al. [281] and
Swanson and Spijkerman [282], electrons produced through
internal conversion in Mössbauer isotopes were measured to
characterize sample surfaces. Measuring conversion electrons
offers several advantages over competing radiative chan-
nels: (i) Electrons rapidly lose kinetic energy when traveling
through matter, meaning only those produced near the sur-
face can escape from the bulk. For example, in the case
of 7.3-keV K-conversion electrons in 57Fe, the penetration
depth is less than 300 nm, with energy loss within the first
5 nm considered negligible [284–286]. (ii) They can be
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detected with high efficiency and distinguished from photons.
CEMS has become a standard method in materials science
and physical chemistry for studying surface and interface
processes, including corrosion [287–297], surface finishing
[298–307], metal alloy formation [308–313], and thin-film
oxidation [314–324], among many others [277]. The vast
majority of CEMS experiments have been performed by driv-
ing the resonant excitation of Mössbauer isotopes using a
radioactive sample as a gamma-ray source. For example, 57Co
decays into 57Fe, emitting photons at 14.4 keV, which can
then be used to resonantly excite the Mössbauer transition
of 57Fe atoms in the sample under study, with the resulting
ejected conversion electrons being detected [276,277,283].
With the advent of bright synchrotrons and free-electron
lasers over the past two decades, it has become possible
to drive Mössbauer transitions using external light sources,
expanding Mössbauer spectroscopy into a new range of stud-
ies [49,56,57,111,152,153,325–329]. However, most of these
studies have focused on radiative channels, and the applica-
tion of CEMS at large-scale facilities has remained largely
unexplored. One of the few examples available in the litera-
ture is the work by Sturhahn et al. [46], which investigated
time-dependent electron emission from iron foils excited by
synchrotron radiation at the 14.4-keV nuclear resonance of
57Fe. Their study focused on incoherent nuclear resonant scat-
tering (NRS) [49], examining the energy exchange between
nuclear states and phonon modes activated in the surround-
ing material. Utilizing a high-resolution monochromator and
an electron detector with microchannel plates (MCPs), the
experiment identified three key emission mechanisms: conver-
sion electron emission with and without phonon interactions
and photoelectron emission. The results showed that thin
iron layers exhibited natural decay, whereas thicker foils
demonstrated quantum beats indicative of coherent elastic
NRS. The emission behavior was influenced by foil thick-
ness, with conversion electrons dominating in thinner layers
and photoelectrons becoming more significant as thickness
increased. Additionally, the study examined phonon-mediated
processes, which, though less prominent due to interference
from K-fluorescence radiation, provided valuable insights into
lattice vibrations and nuclear interactions. To interpret the
experimental data, a theoretical model based on quantum
electrodynamics was developed, incorporating virtual photon
exchange between excited nuclei and the electron shell. This
model successfully captured the observed decay patterns and
time-dependent variations in electron emission, providing a
quantitative framework for analyzing nuclear excitation pro-
cesses. The findings of Sturhahn and coworkers underscored
the significance of both coherent and incoherent NRS in modi-
fying electron emission characteristics, highlighting potential
applications of these mechanisms in advanced spectroscopic
techniques. Furthermore, the study demonstrated how syn-
chrotron radiation can be used to probe nuclear dynamics at
highly localized scales, with implications for fields such as
condensed matter physics and materials science. This example
of CEMS has led to a deeper understanding of the interplay
between nuclear resonance phenomena and electronic excita-
tions. In general, promising new perspectives can arise from
combining modern light sources with conversion electron
spectroscopy. When an internal conversion electron is ejected

from a core atomic shell, as in the case of 57Fe, the process
is typically followed by secondary processes, including the
emission of Auger electrons. By resolving the kinetic energy
of this broad spectrum of electron channels, it may be possible
not only to extract depth-dependent escape information, as
demonstrated in [46], but also to gain deeper insights into the
complex energy exchange between the nuclear state and its
surrounding environment. While these questions have already
been explored in traditional CEMS studies, the use of novel
light sources could be a game changer. By optically perturbing
electronic degrees of freedom, new schemes could emerge
where such perturbations act as precise probes or control
mechanisms for nuclear transitions.

B. Electron-nucleus coupling upon optical perturbation

The role of electron processes in nuclear transitions ac-
companied by photoexcitation has gained attention due to
its potential for enhancing and controlling the population of
nuclear states [120,197,206,330–334]. As one example, Nick-
erson et al. [136] explored the excitation of the 229Th isomer
in doped CaF2 crystals, introducing a more efficient approach
based on electronic bridge (EB) mechanisms. In their study,
the authors demonstrated that thorium doping in CaF2 creates
defect states within the crystal’s band gap. Rather than being a
hindrance, these defect states can facilitate nuclear excitation
by enabling energy transfer to the nuclear isomer through EB
processes, which involve stimulated emission or absorption
via optical lasers. Their results show that EB excitation rates
are at least two orders of magnitude higher than those of
direct photoexcitation, making this method significantly more
effective. Using density functional theory (DFT), the study
analyzed the interaction between defect states and the 229mTh
isomer, considering both spontaneous and laser-assisted EB
processes. The efficiency of these mechanisms depends on
the alignment of defect states with the isomer’s transition
energy. Additionally, the authors found that reverse EB mech-
anisms can quench the isomeric population, leading to a rapid,
controlled decay and producing a signal three orders of mag-
nitude stronger than natural radiative decay. The high flux
and tunability of modern optical lasers open new avenues for
studying nuclear state relaxation following the photoexcita-
tion of specific electronic states. This concept is illustrated
in Fig. 8, which depicts the internal conversion (IC) process
following nuclear state excitation (see Sec. III for a detailed
explanation of IC). This scenario is particularly relevant to the
relaxation of the isomeric transition in 229Th, which we use
here as an example. The first excited state of 229Th (|e〉n) can
be populated either through direct photoexcitation with VUV
light [23,25] or via the decay of 233U [58]. In neutral 229Th
atoms, the excited nuclear state primarily relaxes to the ground
state (|g〉n) through internal conversion, transferring energy to
the surrounding electron shell. The nucleus efficiently cou-
ples to the highest occupied electronic state in the valence
band (|i0〉e), leading to electron emission [IC emission, Fig.
8(a)]. It is important to note that the schematic representation
in Fig. 8(a) is simplified. In all currently available experi-
mental implementations [23,25,58,69], IC emission is never
measured from isolated 229Th atoms. Instead, 229Th states
are hybridized by their surrounding environment, such as the
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FIG. 8. Sketch of internal conversion upon the photoexcitation of an electronic state. This case applies to the IC relaxation of the 229mTh

isomer. (a) IC without optical perturbation. The excited nuclear state |e〉n relaxes into the ground state |g〉n by triggering IC in a valence electron

state (|i0〉e). Intermediate (core and inner valence) states are omitted in the sketch for simplicity. (b) IC with optical perturbation. An external

optical source triggers population transfer from |i0〉e to the lowest unoccupied state |i1〉e. (c) Sketch of the IC electron energy distribution, with

the possible outcome of the IC yield from |i1〉e.

graphene foils used for 229Th ion neutralization [69]. Con-
sequently, the emitted photoelectron wave packet exhibits a
central energy and bandwidth that depend on the experimental
conditions. In Fig. 8(b), IC emission is influenced by the
presence of electromagnetic radiation, such as a continuous-
wave laser, with photon energy hν. If hν is resonant with the
transition between the highest occupied electronic state (|i0〉e)
and the lowest unoccupied state (|i1〉e), population transfer
occurs from the former to the latter. This perturbation not only
alters the electronic configuration of the atom but also affects
nucleus-electron coupling and the IC process. By analyzing
the IC emission yield from the photoexcited state [Fig. 8(c)],
one can determine whether the IC mechanism via |i1〉e is
facilitated or suppressed. More generally, such investigations
enhance our understanding of energy transfer between nu-
clear states and the surrounding atomic shells. This would
also serve as a fundamental demonstration of photocontrolled
nucleus-electron coupling.

C. Perspectives for time-domain studies

of electron-nucleus couplings

In the previous paragraph, we discussed several examples
of controlling electron-nucleus coupling through light; how-
ever, the discussion was limited to static perturbations, such
as the scenario depicted in Fig. 8(b). Drawing a parallel with
electron dynamics in atomic and molecular physics (see Sec.
IV), we now extend our discussion to address the following
open questions:

(i) Can we track the energy exchange between a nuclear
state and the surrounding electronic degrees of freedom in real
time?

(ii) Can we establish protocols for the time-resolved study
of electron processes in nuclear transitions?

Tackling these challenges first requires a clear understand-
ing of the relevant timescales in electron-nucleus couplings.

As discussed in Sec. IV, while the intrinsic timescale of elec-
tron motion ranges from a few femtoseconds to attoseconds,
electron dynamics in matter can evolve over much longer
characteristic times when coupled to other degrees of free-
dom, as seen in nonadiabatic processes. In nuclear physics,
nuclear state decays occur over an extraordinarily broad range
of timescales. Unstable nuclei at the boundary of the drip
line can show decay times shorter than 10−18 s [335–337],
whereas the isomeric transition in 229Th ions has a radiative
decay time of approximately 103 s [23,25]. However, when
the same transition in 229Th decays via internal conversion
(IC), the decay time is significantly shorter, on the order of
microseconds (see Sec. III). This is because coupling with
electronic degrees of freedom typically broadens the natu-
ral linewidth of the nuclear transition, leading to a reduced
decay time. In this context, the example presented in Fig. 8
already provides an interesting perspective for time-resolved
studies. By photoexciting |i1〉e, the density of states involved
in the IC process may change compared to the unperturbed
case, potentially altering the IC decay time. Given the ex-
tremely narrow linewidth and long decay time of the isomeric
transition in 229Th, even when broadened through IC, we
do not discuss the application of pump-probe schemes here.
For nuclear states with higher transition energies, such as
those in 57Fe and 45Sc, the scenario becomes even more
complex. In 57Fe, the Mössbauer transition has a decay time
of 142 ns [49] and efficiently couples to the K and L shells
through IC. IC emission from core states initiates an ultrafast
cascade of secondary processes, including Auger emission
[277]. Additionally, phonon modes in the material are typi-
cally activated in correlation with the Mössbauer effect, and
these have been investigated using nuclear inelastic scattering
[325,338–340]. From this analysis, it is evident that a rich
ensemble of interactions exists between the nucleus and its
surrounding degrees of freedom. Exploring these interactions
in a time-resolved manner could significantly advance our
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FIG. 9. Schematic representation of a possible pump-probe time-resolved study of the energy exchange between nuclei, electronic states,

and phonons upon Mössbauer resonant excitation in lattice.

understanding of nuclear-electronic coupling dynamics. To
the best of our knowledge, no time-resolved study has yet
been reported that directly tracks, in real time, the en-
ergy exchange between nuclear states and phonons within
the framework of Mössbauer spectroscopy. However, re-
cent advancements in the photoexcitation of Mössbauer
transitions using FEL pulses have paved the way for an
entirely new class of experiments, potentially enabling pump-
probe studies. Figure 9 presents a sketch of a possible
experimental scheme. A pump pulse is used to resonantly
excite a nuclear transition, while a probe pulse is tuned
to a specific atomic shell. By varying the delay between
the pump and probe pulses, time-resolved measurements
of internal conversion and direct photoelectron emission
could provide valuable insights into the transient energy ex-
change between the nuclear state, surrounding atoms, and the
lattice.

D. The relevance of multidimensional observables

As discussed in the perspective examples provided in this
section, investigating the time-resolved electron dynamics
during nuclear transitions entails the intrinsic coexistence
of multiple, temporally overlapping processes. When a nu-
cleus is resonantly excited, a rich manifold of competing
mechanisms unfolds alongside the relaxation pathways of the
nuclear state itself. These include, for example, direct pho-
toionization followed by Auger decay and secondary electron
cascades, or slower processes such as electron-phonon cou-
pling. This complexity leads to ambiguities in interpreting
experimental observables, posing a challenge to selectively
probing electron-nucleus dynamics in time-resolved experi-
ments. A promising route to address this challenge lies in
exploiting the full dimensionality of the measured observ-
ables. Inelastic nuclear resonant scattering techniques, for
instance, offer energy selectivity by scanning the incident
photon energy around the nuclear transition. When com-
bined with energy-resolved photoelectron spectroscopy, these
methods may enable clearer identification of electron dy-
namics following nuclear transitions, helping to disentangle
resonant from nonresonant contributions. Furthermore, if not

only the kinetic energy but also the momentum (or angular
distribution) of the photoelectrons is resolved, this approach
can help lift degeneracies, such as those between coherent
and incoherent emission, associated with distinct intermedi-
ate or final states. Of particular interest is the time-of-flight
(TOF) dimension, which serves as a selective observable
owing to the characteristically long-lived nature of nuclear
excitations: electrons emitted as a result of nuclear decay or
internal conversion are temporally delayed relative to prompt
photoelectrons and can thus be distinguished. These exam-
ples collectively suggest that the feasibility of investigating
electron-nucleus couplings relies not only on tailored pho-
toexcitation schemes but also on the multidimensional nature
of the observables under study. Selectivity, in this context,
emerges as a key requirement for advancing time-resolved
spectroscopy of photoinduced electron dynamics in nuclear
transitions.

VI. CONCLUSIONS

The study of photoinduced nuclear transitions and related
electron processes has garnered significant attention in recent
years, with the potential to revolutionize multiple disciplines,
including high-precision metrology and quantum technolo-
gies, while deepening our understanding of fundamental
physics. Advancing our knowledge of electron-nucleus cou-
plings and their dynamics plays a crucial role in this context.
By leveraging recent advancements in light sources, such as
free-electron lasers (FELs), synchrotrons, and table-top laser
setups, researchers now have unprecedented opportunities
to investigate nucleus-electron couplings with high preci-
sion and, potentially, in the time domain. In this work, we
have provided a comprehensive overview of the fundamental
mechanisms underlying these interactions, with a particu-
lar emphasis on advanced light sources and the possibility
of developing time-resolved approaches. By addressing the
challenges outlined in this study, researchers can establish
new concepts in nuclear spectroscopy, where new avaiable
photon sources and time-domain investigations offer unprece-
dented insights into the intricate interplay between nuclear
and electronic states. As experimental capabilities continue to
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advance, we may significantly enhance our understanding of
nuclear processes by integrating insights from other branches
of physics.
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