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Abstract
The low-energy, long-lived isomer in 229Th, first studied in the 1970s as an exotic feature in nuclear
physics, continues to inspire a multidisciplinary community of physicists. It has stimulated
innovative ideas and studies that expand the understanding of atomic and nuclear structure of
heavy elements and of the interaction of nuclei with bound electrons and coherent light. Using the
nuclear resonance frequency, determined by the strong and electromagnetic interactions inside the
nucleus, it is possible to build a highly precise nuclear clock that will be fundamentally different
from all other atomic clocks based on resonant frequencies of the electron shell. The nuclear clock
will open opportunities for highly sensitive tests of fundamental principles of physics, particularly
in searches for violations of Einstein’s equivalence principle and for new particles and interactions
beyond the standard model. It has been proposed to use the nuclear clock to search for variations
of the electromagnetic and strong coupling constants and for dark matter searches. The 229Th
nuclear optical clock still represents a major challenge in view of the tremendous gap of nearly 17
orders of magnitude between the present uncertainty in the nuclear transition frequency (about
0.2 eV, corresponding to ∼48 THz) and the natural linewidth (in the mHz range). Significant
experimental progress has been achieved in recent years, which will be briefly reviewed. Moreover,
a research strategy will be outlined to consolidate our present knowledge about essential 229mTh
properties, to determine the nuclear transition frequency with laser spectroscopic precision, realize
different types of nuclear clocks and apply them in precision frequency comparisons with optical
atomic clocks to test fundamental physics. Two avenues will be discussed: laser-cooled trapped
229Th ions that allow experiments with complete control on the nucleus–electron interaction and
minimal systematic frequency shifts, and Th-doped solids enabling experiments at high particle
number and in different electronic environments.

1. Introduction

The atomic clock is a prominent example of quantum technology that is now sometimes referred to as of a
‘first generation’ [1]. It was devised by I Rabi and his group in the early 1940s and has been progressively
introduced in all fields of precision metrology of time and frequency since the mid-1950s [2]. It has enabled
the realization of global navigation satellite systems like Global Positioning System (GPS), a technology that
is now applied ubiquitously in mass-market devices. The development of atomic clocks has pushed the
frontier of accuracy of time and frequency measurements since the 1950s by about ten orders of magnitude
into the 10−18 range [3], much further than for any other physical quantity. At the limits of the highest
precision, one is usually more concerned with frequency comparisons than with time interval
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Figure 1. Schematic of an optical atomic clock. The laser oscillator frequency is stabilized to the atomic or nuclear resonance
frequency and an optical clockwork is employed to produce a time signal.

measurements, and one should speak about frequency standards rather than about clocks, but the latter
term is widely used in the interest of brevity.

Figure 1 shows the generic schematic of the main building blocks of an atomic clock. The reference of
the clock is a selected transition frequency ν associated with the electromagnetic radiation that is absorbed
in transitions between two atomic energy levels separated in energy by ΔE according to ν = ΔE/h. For
suitably chosen energy levels, the resonance line width can be below 1 Hz, while line shifts due to external
perturbations can even be controlled at the mHz level. Consequently, for an optical frequency in the range
of 1015 Hz, the fractional uncertainty range of 10−19 becomes accessible [4].

The oscillator of the clock is a pre-stabilized quartz or other dielectric crystal for the microwave range,
or a laser in the case of an optical clock. Clock operation is based on a repetitive cycle, where atoms are first
prepared in one of the two energy levels, interrogated with radiation from the oscillator for a certain
interaction time, and finally the outcome is measured as the atomic population of the other state. This
signal, averaged over several interrogation cycles with the oscillator tuned slightly below and above the
centre of the resonance curve, is used for the long-term stabilization of the oscillator frequency on the
atomic transition frequency. Finally, a clockwork is needed that transfers the periods of the atomic
frequency to a standard output signal, like 1 pulse per second or a technically convenient reference
frequency like 100 MHz.

Much of the progress with atomic clocks over the past 30 years [3] has been achieved from the
application of the methods of laser cooling and trapping of atoms and ions. Stored at sub-mK temperature
in ultrahigh vacuum, the localised atoms permit the use of long interrogation times and the low kinetic
energy allows for the precise control of the relativistic Doppler shift (or time dilation) from the motion of
the atom. A variety of atoms and ions has been investigated as candidates for optical clocks. In many cases,
the dominant contributions to the uncertainty budget resulted from the frequency shifts produced by
external electric or magnetic fields. This includes some contributions that are difficult to control like electric
field gradients (EFG) in ion traps or the fields of blackbody radiation emitted from surfaces surrounding
the atoms. This has provided the background and motivation for the proposal of a nuclear optical clock [5].

The conceptual shift from an atomic to a nuclear clock is straightforward: instead of a transition in the
electron shell, a radiative transition inside the nucleus shall be used as the reference for frequency
stabilization of a laser oscillator [6]. Since the nucleus itself is much smaller and much less polarizable than
the atom, the effect of external electric fields and field gradients can be expected to be much smaller. Two
further aspects contributed to the interest in the idea: first, Mössbauer spectroscopy has shown that
extremely high resolution may be obtained for nuclear resonances in solids. This would open an
opportunity to interrogate possibly 1014 nuclei instead of the typically 104 laser-cooled atoms in an optical
clock, potentially providing a much stronger signal. Second, in contrast to the transition frequency of a
valence electron, the nuclear transition frequency is not purely determined by electromagnetic interactions
but also by the strong interaction. This makes the nuclear clock an interesting contributor in tests of
fundamental physics based on precision clock comparisons, especially for searches for variation of
fundamental constants [5, 7].

Such considerations would remain remote from practical implementation if we would have to consider
only the established Mössbauer transitions with photon energies of tens of keV, because the required
frequency-stable laser source and a clockwork for counting of oscillation periods are not available at those
frequencies. Fortunately, one suitable nucleus is known for the development of a nuclear clock in the
frequency range that is accessible with present laser technology: the low-energy transition in 229Th. This
system has provided the motivation for the development of concepts and experiments that we will review
here.

Among the presently known about 3300 nuclides with their in total about 184 000 nuclear excited states
[8], the thorium isomer 229mTh assumes a unique position, since it represents the by far lowest nuclear
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Figure 2. Distribution of excitation energy versus half-life of isomeric nuclear states. Nuclear excitations (blue circles) exhibit
typical energies in the range of a few 10 keV up to several MeV. Only two low-energy (<1 keV) nuclear states are presently
known: 229mTh (∼8.2 eV, expected energy and half-life range indicated by the blue box) and 235mU (76.7 eV). Due to the
extremely small transition strength in 235mU (radiative lifetime ∼ 1022 s), only 229mTh qualifies for a direct laser excitation and
thus for the development of a nuclear clock. In addition, selected atomic shell transitions are included (red circles), which are
already in use for optical atomic clocks. Reprinted by permission from Springer Nature [66]. Copyright © 2016, Nature
Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved.

excitation in the whole landscape of atomic nuclei, with an energy E in the range of outer-shell electronic
transitions and realistically accessible with existing laser technology. Moreover, according to Fermi’s golden
rule, the radiative decay rate of this state scales as E3 for an M1 ground-state transition. Based on theoretical
predictions from nuclear structure, the corresponding lifetime τ is expected to be of the order of approx
7 × 103 s [9]. In turn, according to τ = �/ΔE this results in an extremely narrow relative (radiative)
linewidth of ΔE/E ≈ 10−20 for the ground-state transition. Together with a high resilience against external
perturbations due to the small nuclear moments, these properties render 229mTh an attractive (and presently
the only) candidate for constructing a nuclear frequency standard that could rival todays most advanced
optical atomic clocks.

It is interesting to note here that the unique properties of 229mTh could be explained theoretically by a
very fine interplay between the collective dynamics of the even–even nuclear core, the single-particle
degrees of freedom of the odd neutron, and the Coriolis interaction between them [9, 10]. This dynamical
mechanism is expected to facilitate also in other actinides with octupole deformation the formation of very
low-lying excited states that might have remained so-far unknown [10]. Allegedly, the likelihood to find
once more an M1 ground-state transition accessible with optical laser technology in a richly available radio
isotope is very small.

Figure 2 impressively illustrates the present uniqueness of the thorium isomer in a display of the
lifetimes of all known nuclear isomers versus their excitation energies. 229mTh resides far-off all other
isomers surrounded by typical atomic transitions being used in optical atomic clocks. While hints to a
potential application of the thorium isomer in the field of frequency metrology can be found already in the
early literature on 229mTh, it was in the pioneering publication by Peik and Tamm in 2003 [5] that for the
first time a viable concept was presented for building a ‘nuclear clock’ based on the thorium isomer 229mTh.

229Th is a radio isotope with 7920 years half-life. It is predominantly derived from 233U; about 1 ton has
been produced in the US in high-flux neutron reactors during the cold war times. The 229Th stock is
estimated to around 750 g, out of which 40 g have sufficient isotopic purity for experiments described here
[11]. This appears largely sufficient for operating a large amount of ion-trap-based thorium clocks. More
direct production methods for ‘new’ 229Th are currently investigated for medical applications [12].

On a historical note, what is nowadays termed the ‘thorium isomer’ 229mTh entered the scene of nuclear
physics already in 1976, when γ-spectroscopic nuclear structure studies on 229Th could only be consistently
interpreted by introducing an almost degenerate ground-state doublet in 229Th, following the α-decay of
233U [13]. Initially, an excitation energy of less than 100 eV was estimated, since no direct evidence for the
ground-state decay of this new first excited state could be resolved. Over the following decades, many
experimental attempts were conducted towards further constraining the excitation energy of this
exceptionally low-lying nuclear excited state [14–22]. These early efforts converged in 1994 to an energy
value of 3.5(10) eV [16].

Focussing on the excitation energy, interestingly, the isomeric nature of this state was not explicitly
mentioned or discussed until being first addressed in 1990 when the lifetime was conjectured from the

3



Quantum Sci. Technol. 6 (2021) 034002 E Peik et al

Figure 3. Properties of the 229Th ground-state doublet: nuclear levels are given with their spin, parity and dominant Nilsson
classification. μ: magnetic moment in nuclear magnetons μN, Q: spectroscopic electric quadrupole moment. The isomer’s
excitation energy and wavelength is given as the average between the values from [68] and the most precise value from [69].
Uncorrelated statistical uncertainties were assumed for the determination of the combined uncertainty.

(hindered) pure M1 characteristics of a putative 1 eV ground-state transition to lie in the range of about 7 h
[14]. Already in the subsequent publication [16] it was speculated that for 229mTh no unique lifetime might
exist, but rather the coupling to and the exact nature of the electronic environment had to be taken into
account. Following this, for more than a decade the name ‘3.5 eV isomer’ was used in the literature. From
today’s perspective the experimental efforts at the time were hampered by the fact that assuming an
excitation energy around 3.5 eV, corresponding to wavelengths in the optical to near-UV range, radiative
decay was considered the only possible decay branch, as the higher-lying ionization potential of thorium
(today known as 6.308(3) eV [23]) would energetically not allow for internal-conversion (IC) decay. All
related experimental efforts remained inconclusive [24–32], as detailed later in section 2.2. Experimental
studies were accompanied by theoretical efforts to better understand the specific properties of the thorium
isomer [33–35] or propose various ways for its population [34, 36–41]. See also the review articles [42, 43].

The situation changed when a measurement using a novel x-ray microcalorimeter in 2007 raised the
excitation energy to 7.6(5) eV [44], later re-analyzed and corrected to 7.8(5) eV [λ = 160(10) nm] [45]. For
the first time, closely-spaced doublets of γ-rays, corresponding to intra and inter rotational band transitions
around 29 keV and 42 keV, respectively, could be resolved, allowing to indirectly infer the isomer’s
excitation energy. This shifted the transition energy into the vacuum-ultraviolet (VUV) range and above the
first ionization potential of thorium. The new result triggered numerous efforts towards direct observation
and energy determination of the nuclear transition. Despite the considerably raised value of the excitation
energy, the most commonly used methods were (VUV) fluorescence detection from 229Th-doped crystals
and optical excitation in trapped 229Th ions [46–54]. These efforts went along with proposals of various
excitation and de-excitation schemes [55–58], preparations for laser-spectroscopic studies [59, 60] and
quantitative assessments of the available parameter space for lifetime and excitation energy [61]. It was only
in the most recent years that a change in paradigm allowed the first direct observation of the isomeric decay
in the process of internal conversion, and coined more precise values for the isomer energies. In the
following section our current knowledge of the properties of the thorium isomer and its ground-state decay
will be presented as the basis for all ongoing and envisaged activities towards building a nuclear clock and
applying it for fundamental physics tests. Further details on historical aspects, experimental procedures and
application potentials of the thorium isomer, not discussed here in depth, can be found in the review
articles [62–65].

Following this introduction, section 2 presents our current knowledge on the properties of the 229mTh
nuclear clock transition. Section 3 sketches the strategy towards the realization of a nuclear clock along
different experimental avenues and supported by theoretical guidance. Section 4 outlines the potential of
the nuclear clock for testing fundamental physics. The paper focuses on the planned efforts of the teams
forming the ‘ThoriumNuclearClock’ consortium within a ‘Synergy’ project framework of the European
Research Council (ERC) [67].

2. Present knowledge of the 229mTh nuclear clock transition

Our present knowledge of key properties for ground and isomeric excited states as well as for the nuclear
clock ground-state transition from 229mTh is summarized in figure 3. Nuclear spins, parities and Nilsson
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Figure 4. 3D technical drawing of the experimental setup employed for the generation of an isotopically clean 229mTh ion beam.
It consists (from left to right) of a buffer-gas stopping cell that houses a 233U α recoil source, a (segmented) radio-frequency
quadrupole (RFQ) as ion guide, buncher and phase space cooler, a QMS and (behind a triodic extraction electrode system) a
multichannel-plate detector followed by a phosphor screen and a CCD camera. Reprinted by permission from Springer Nature
[66]. Copyright © 2016, Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved. For more
details see [63].

quantum numbers of both orbitals are displayed together with their magnetic dipole and electric
quadrupole moments. The properties of the ground-state transition from 229mTh are highlighted in bold
font.

2.1. Studies based on internal conversion
Many of these properties have been recently determined or refined, following the pioneering experiment in
2016 that succeeded in the realization of the first direct detection of the thorium isomer’s ground-state
decay, not in the radiative decay channel but via the detection of electrons emitted in the IC decay of 229mTh
[66]. In the process of IC, the nuclear excitation energy is transferred to the atomic shell, resulting in the
ejection of an atomic shell electron. The key to the success of this experiment is shown in figure 4. A
buffer-gas stopping cell is the main component of the experimental setup [70] that allows to generate an
isotopically clean beam of 229Th ions, starting from the α-decay of 233U [71, 72]. 84% of the α-decays of
233U directly lead into the 229Th nuclear ground state; 16% pass through excited state and eventually, 2% of
all decays lead to the population of the isomeric first excited state. Until today this represents the traditional
population pathway of the thorium isomer.

Decoupling the population of the isomeric state in the gas cell from its delayed decay about a metre
away enables to discriminate all prompt background generated during the α-decay. Inside the gas cell,
starting from the solid 233U source, the recoiling α-decay daughter nuclei with kinetic energies of about
84 keV are thermalized within 1–2 cm in an ultra-pure He buffer gas atmosphere of about 30 mbar.
Ultimate (UHV-grade, including baking to 130 ◦C) cleanliness of the gas cell allows for an efficient
extraction of recoil ions without significant losses by, e.g., charge exchange or formation of molecules.
Originally designed and operated for stopping of energetic fusion reaction products, the stopping volume
upstream of the 233U source, denoted as ‘DC cage electrodes’ in figure 4, is not needed for the rather low
kinetic energy of α decay recoil nuclei from 233U of about 84 keV. So, this part of the gas cell is not used in
the application discussed here. Being emitted isotropically into the gas volume, a conical radiofrequency
(RF) + DC funnel system is employed to guide the stopped recoil ions towards the exit from the gas cell,
which is formed by a supersonic de-Laval-type nozzle, electrically isolated in order to serve as last extraction
electrode. In the region of the 0.6 mm diameter nozzle a supersonic gas jet is formed that rips the ions off
the electrical field lines and drags them with the gas jet into the subsequent vacuum chamber that houses a
12-fold segmented radiofrequency quadrupole (RFQ) ion guide, buncher and phase-space cooler.
Accompanying α-decay daughter products from the 233U decay chain are finally filtered out by a
quadrupole mass separator (QMS). More details about this ‘thorium isomer generator’, able to provide
clean 229mTh beams as singly to triply charged ions, can be found in [71]. Behind the QMS (and a triodic
extraction electrode system) a microchannel plate (MCP) detector allows for the registration of the decay
products emitted in the 229Th isomeric decay. The diagnostics behind the QMS was laid out for the
detection of conversion electrons on the MCP detector, based on a twofold reasoning:
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Figure 5. Signal of the first direct detection of the 229mTh decay. Shown is the IC electron signal of 229mTh3+ ions, which were
collected with low kinetic energy directly on the surface of a position-sensitive MCP detector. Reprinted by permission from
Springer Nature [66]. Copyright © 2016, Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights
Reserved.

Figure 6. (a) Visualization of the detection scheme reported in [74]. An ion beam is formed from 229mTh ions emerging from a
233U α-recoil source. As long as 229mTh remains in a charged state, the lifetime is longer than 1 min. The moment the ions
neutralize (e.g. by collecting the ions on a metal surface) internal conversion is triggered and the lifetime reduced to the range of
μs. The emitted electron can be detected. (b) Scheme of the experimental setup that was used. Reprinted figure with permission
from [74]. Copyright (2017) by the American Physical Society.

(a) The revised excitation energy of the thorium isomer from the Beck et al experiment [44, 73] had
opened the IC decay channel for neutral 229mTh.

(b) Theoretical calculations [35, 61] expected such a decay to strongly dominate any competing radiative
decay by a huge conversion factor of αIC = Γe/Γγ ≈ 109 (with Γe and Γγ being the decay rates for IC
and γ-decay, respectively).

Extracted 229mTh ions directly impinge on the MCP surface, set to a mildly attractive potential to secure
‘soft landing’ of the ions without generating a signal from secondary electrons in the MCP detector.
Thorium ions would immediately neutralize and thus trigger IC decay, emitting conversion electrons that
will be amplified, electrostatically accelerated behind the MCP towards a phosphor screen and optically
registered by a CCD camera.

This experimental arrangement led to the first direct detection of the thorium isomer’s ground state
(IC) decay [66]. Figure 5 shows this breakthrough result of the 229mTh IC electron signal obtained with a
high signal-to-background ratio, which subsequently triggered renewed and intensified experimental and
theoretical efforts towards the realization of a 229mTh-based nuclear clock.

Only little adaptation of the above-described experimental setup and procedure was needed to achieve a
first lifetime measurement of the thorium isomer under IC decay. An illustration of the setup (panel (b))
and the detection scheme is presented in figure 6. The segmented extraction RFQ was operated as linear
Paul trap and served to extract temporally well-defined ion bunches from the buffer gas cell before sending
them to the MCP detector.
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Figure 7. Measurement of the 229mTh IC half-life in neutral thorium. Pulsed 229Th3+ ions impinge onto a metallic surface, where
they neutralize, followed by time-resolved detection of the resulting IC electrons (red). The measured half-life amounts to about
7 μs. In addition, the identical measurement is shown for 230Th3+ ions (blue), where only the signal of the ionic impact is
observed. Reprinted figure with permission from [74]. Copyright (2017) by the American Physical Society.

Figure 8. Hyperfine structure resonances of nuclear isomeric and ground states. The spectrum results from a two-step laser
excitation that eliminates Doppler broadening, showing the relative strengths (in logarithmic scale) and frequency range of
nuclear isomeric and ground state resonances. Resonances of the nuclear isomer HFS are marked in cyan colour. The unlabeled
peaks belong to the nuclear ground state. Reprinted by permission from Springer Nature [77]. Copyright © 2018, Macmillan
Publishers Ltd., part of Springer Nature. See section 3.1.4 for further discussion.

However, measuring the thorium isomer’s radiative lifetime in ionic charge state was not yet possible for
the expected few 103 s, due to limitations imposed by the achievable high-vacuum conditions in the Paul
trap, where ions could not be stored for longer than about 1 min. Therefore, the measurement addressed
instead the lifetime of the 229mTh IC decay. Again, a 229mTh ion beam was formed within several
milliseconds, which was then accumulated directly on the metallic surface of the MCP detector which was
used both the charge capture of the ions and the detection of the IC electron. As soon as the 229mTh ions
neutralize, IC is initiated and an electron is emitted and registered with the MCP detector. Figure 7 displays
the resulting electron time distributions, where 230Th3+ exhibits only the strong ionic impact signal during
the pulse duration of about 10 μs, while for 229Th3+ the exponential decay tail of the isomer is clearly
visible.

The determined short half-life of about 7(1) μs nicely agrees with the theoretically expected drastic
lifetime reduction of the thorium isomer in case of IC decay by about 9 orders of magnitude [35, 61].
Nevertheless, a word of caution has to be issued, as the lifetime of the isomer will depend on the electronic
environment of the nucleus and thus on the chemical structure of the specific surface used to neutralize the
ion and hence induce IC decay (see section 3.1.2.1 for further discussion). Clear effects of such
dependencies have already been observed during the measurements of [74], reported in [75], while
systematic studies using a variety of metallic surfaces will be performed in the near future. Most notably, no
IC signal could be found for singly charged 229mTh ions. Although extracted from the gas cell much less
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Figure 9. Experimental setup used for the direct measurement of the 229mTh excitation energy via a determination of the kinetic
energy of IC electrons in a magnetic-bottle-type electron spectrometer. The front part is identical to the setup to generate a clean
229mTh ion beam, already described in figures 4 and 6, now complemented by the electron spectrometer (right-hand side) placed
behind a graphene neutralization foil and an ion removal electrode (also upper left inset). Reprinted by permission from
Springer Nature [68]. Copyright © 2019, The Author(s), under exclusive licence to Springer Nature Limited.

abundant than doubly and triply charged ions, a clear signal should have been observed as well. Its
non-observation is a strong hint towards a short lifetime (significantly below the ion extraction time of a
few ms [70]) of the isomeric state in singly charged 229Th. Possible explanations could be quenching of the
isomer in the buffer gas or a bound IC decay of the isomer in the 1+ charge state [76].

The opportunity to trap Th ions in an ensemble containing nuclear ground states and isomers has
enabled a laser spectroscopic investigation of the hyperfine structure that has provided the first
experimental values of nuclear moments of the isomer and its rms charge radius. The experiment has been
performed with Th2+ because of its higher abundance from the recoil ion source and longer trap lifetime in
comparison to Th+. Since the trapped ions exchange kinetic energy with the buffer gas, they are
approximately at room temperature and Doppler broadening to about 1 GHz linewidth impedes the
complete resolution of the hyperfine structure. Therefore, a two-step laser excitation scheme has been
employed, where the first laser selectively excites one narrow velocity class out of the thermal ensemble and
a second laser probes the hyperfine structure on these ions, free from Doppler broadening. Varying the
frequencies of both lasers, the resolved hyperfine structure (see figure 8) could be recorded for both
electronic transitions, including the isomer shift between 229mTh2+ and 229Th2+. In comparison to reference
spectra recorded using the same method with 229Th2+ and 232Th2+, produced in laser ablation from a solid
sample, it has been possible to unambiguously identify the hyperfine components of the isomer, marking its
first non-destructive optical detection.

The magnetic dipole moment of the isomer μm = −0.37(6)μN turned out to be 5 times larger than a
prediction based on the Nilsson model [38]. This finding has stimulated a refinement of the 229Th nuclear
models [78]. The intrinsic electric quadrupole moment of the isomer Qm

0 = 8.7(3) eb is identical to that of
the ground state within the uncertainty, indicating that the shape and size of the proton distribution
changes only little in the nuclear excitation from the ground state to the isomer. This is also indicated by the
very small difference in rms charge radius 〈r2〉229m − 〈r2〉229 = 0.0105(13) fm2 [79] that has been
determined from the comparison of isomer and isotope shifts relative to the radius difference between 229Th
and 232Th. Apart from providing first information on the internal properties of the isomer, these numbers
are also of relevance for estimating the sensitivity of a 229Th nuclear clock in fundamental tests (see
section 4).

Coming back to the quest of more precisely determining the isomer energy, the 9 orders of magnitude
stronger IC decay obviously presents some advantages compared to the radiative VUV fluorescence decay
channel. Consequently, a direct measurement of the ground-state transition energy of this isomeric state
was performed based on the spectroscopy of the IC electrons emitted in flight during the decay of neutral
229mTh atoms.

Since the setup (figures 4 and 6) did not allow for measuring the kinetic energy of IC electrons, it was
extended by an ion-neutralizer (shown in the figure 9(b)) and a magnetic bottle-type retarding field
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Figure 10. Sectional view and photograph of the magnetic-bottle type retardation electron spectrometer. The upper panel shows
an overview of the spectrometer, with the permanent magnet, the solenoid coil, the retarding field unit and the MCP detector.
The region of electron emission as well as a helical electron trajectory with its pitch angle θ is indicated. The bottom panel (left)
shows a detailed view of the retarding field unit. The positions of the gold grids are indicated by arrows. The bottom right panel
shows a photograph of the spectrometer. Reprinted (in parts) from [80], copyright (2019), with permission from Elsevier.

Figure 11. Low-energy part of the 229Th level scheme (energy units in keV). In square brackets the Nilsson quantum number
categorization of the band-head levels is indicated.

electron spectrometer (figures 9 and 10): the ions are guided by four focussing electrodes onto two layers of
graphene set to −300 V. In passing these foils, the ions are neutralized and continue their flight as neutral
atoms (figure 9(b)). The extraction and neutralization is monitored with an MCP detector placed in the
central beam axis (MCP detector II in figure 9(a)). The isomer decays within microseconds by emitting an
electron. The electron’s kinetic energy is measured free from any surface influences with a magnetic
bottle-type retarding field electron spectrometer [80], which is placed 90◦ off-axis behind the graphene (see
figure 9). Bending electrodes (to which a DC field is applied) are placed between the graphene layer and the
spectrometer entrance in order to prevent charged particles from entering the spectrometer. IC electrons,
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which are emitted above a strong permanent magnet, are collected and guided towards a retarding field unit
placed in a solenoid coil. The electrons’ kinetic energy can be analysed by applying a retarding voltage to a
grid and counting the electrons that reach the MCP detector I (see figure 9(b)). Figure 10 shows a sectional
view of the magnetic-bottle spectrometer and its retarding field unit.

The energy resolution of the spectrometer was determined with argon and neon as calibrant gases and
found to be between 2.2% (Ar) and 3% (Ne), corresponding to an energy resolution of 30–50 meV for the
IC electron kinetic energies to be expected from the decay of 229mTh [80]. This efficient spectrometer
allowed for the first direct measurement of the thorium isomer’s excitation energy. As IC after resonant
neutralization occurs from excited electronic states, the kinetic energy Ekin of an IC electron is connected to
the energy EI of the isomer via Ekin = EI − IP + Ei − Ef, with the thorium ionization potential IP
(6.308(3) eV [23], Ei being the excitation energy of the Th atom undergoing IC decay and Ef as the energy
of the final electronic state of the Th ion generated during the IC process. A statistical analysis method was
developed in [68], which, together with atomic theory input (density functional calculations performed to
understand which electron orbitals become resonant with the valence band of graphene during resonant
neutralization and atomic structure and IC calculations to take into account all possible excited initial and
corresponding final electronic states and related IC rates), allowed for deriving a value for the isomeric
excitation energy, for the first time directly measured and with improved precision compared to the
long-time adopted value: EI = 8.28(3)stat. (16)syst. eV = 8.28(17) eV [68]. This energy corresponds to a
wavelength of 149.7(31) nm.

2.2. Gamma spectroscopy measurements
An alternative approach to indirectly determine the isomer energy is high-precision gamma spectroscopy of
the higher-lying excited states of the 229Th nuclear structure (see figure 11). This nuclear physics method is
tightly intertwined within the 229mTh discovery quest. When Kroger and Reich measured the gamma
spectrum emerging from the 233U → 229Th α-decay, they noticed that several gamma lines connected with
the 3/2 [631] excited state were missing [13]. This could only be explained by a near-degeneracy of the 3/2
[631] isomeric state with the 5/2 [633] ground state. The experimental resolution of 450 eV allowed to place
an upper bound of EI < 100 eV on the isomer energy, making it the lowest-energy excited state of the 229Th
nucleus by far. A similar experiment was repeated in 1990, predicting an isomer energy of −1(4) eV [14].

In 1994, a further improved version of the experiment was performed, yielding a value of
EI = 3.5(10) eV, placing it in the visible part of the electromagnetic spectrum, around 355 nm wavelength.
This value remained the ‘accepted’ value for more than a decade. As already mentioned in the introduction,
a series of attempts were made to detect the ‘optical’ gamma ray that should emerge when the isomer state
(populated with 2% probability in 233U α-decay) decays to the ground state. Several publications claimed
having observed this signature [24, 25], but all observations could later be explained by parasitic effects
related to the radioactivity of 233U [21, 26]. A re-analysis of the 1994 data in 2005 including recoil effects
predicted a shifted value of 5.5(10) eV, moving the excitation wavelength into the ultraviolet range around
225 nm [27].

In 2007, a new cryogenic microcalorimeter originally developed by NASA for x-ray spectroscopy was
used to again record the gamma spectrum emerging in the 233U → 229Th α-decay, now focussing on lower
energy x-ray and gamma lines between 10–50 keV [44]. The spectrometer had a resolution of 30 eV and
could resolve the spectrally neighbouring lines at 29.19 keV and 29.39 keV as well as 42.43 keV and
42.63 keV (see figure 11).

Measuring these lines allowed to significantly reduce the calibration uncertainty in the data analysis and
yielded an isomer energy of 7.6(5) eV. Later, in 2009, this value was shifted to 7.8(5) eV, accounting for
unresolved line doublets, assuming theoretically predicted branching ratios [45]. However, errors due to the
detector calibration were not considered in the analyses and the overall energy uncertainty is probably
higher [81]. The 7.8(5) eV value for the isomer energy was the standing assumption for another decade.
The excitation wavelength would now be around 160 nm, in the VUV range. As this wavelength is absorbed
by practically all media, it might explain the failure to detect the direct radiative decay by optical means
(mostly performed in air) in previous experiments.

In 2020, a new variant of a cryogenic microcalorimeter, specifically developed for determining the 229Th
isomer energy, was used [69]. The maXs30 magnetic microcalorimeter measured the heat deposited in an
absorber pixel upon absorption of a gamma or x-ray. This heat deposit changed the magnetization of an
Ag:Er3+ paramagnetic sensor, the magnetization change was read out by an SQUID magnetometer. The
device has a resolution of 10 eV and exceptional gain linearity, reducing the calibration error. The
233U → 229Th gamma spectrum was measured in the range between 10 keV and 60 keV for several months,
and the data is openly accessible [82]. Several different decay paths could be identified within the 229Th
nuclear structure that allow deducing the isomer energy. The most precise method (also used in [44])
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Figure 12. Schematic of temporal profiles of the NRS process. Reprinted by permission from Springer Nature [84]. Copyright ©
2019, The Author(s), under exclusive licence to Springer Nature Limited.

yielded a value of EI = 8.10(17) eV, consistent with the value derived from IC electron spectroscopy. We
note that in this analysis, the isomer energy uncertainty is affected by the overall calibration uncertainty of
the microcalorimeter. If new calibration values in the range 10–60 keV with higher accuracy would become
available, the precision on the isomer energy could be further improved using the existing spectrometer
data.

Beyond the isomer energy, several other relevant nuclear properties could be extracted from this data.
First, the line corresponding to the 2nd excited nuclear state at 29.19 keV shows a clear bi-modal structure,
which is the doublet that corresponds to decays into the 5/2 ground state or the 3/2 isomer state
respectively. From the relative amplitudes of these two doublet lines, the corresponding branching ratio b29

could be extracted to 1/10.8 (9.3(6)%) into the cross-branch decay to the ground state. The branching ratio
of the 3rd excited state b42 could be constrained to <0.7%. Again, if branching ratios would be measured
with higher accuracy by other methods, the precision on the isomer energy could be increased using the
existing gamma spectroscopy data.

It is interesting to note that gamma spectroscopy data from different measurements (different
campaigns or different types of measurements) can be combined to extract the 229Th isomer energy or
other nuclear parameters. For example, a gamma measurement of the 29.19 keV line (doublet) has been
published in 2019, using a transition edge sensor [83]. As the 29.19 keV level very predominantly decays
intra-band, its gamma signature can be combined with an excitation measurement of the same state (see
section 2.3 below), which exclusively drives the inter-band transition. With a spectral resolution of 40 eV
this combined analysis yielded an isomer energy of 8.30(92) eV, which does not reduce the uncertainty but
provides an interesting consistency check using a different detector technology. A similar analysis using the
before mentioned maXs30 magnetic microcalorimeter data yields EI = 7.8(8) eV.

Such inter-device-analyses are burdened with the requirement of an extremely accurate energy
calibration (relative precision >105). Currently, there is a need for improved absolute energy measurements
of calibration lines that could reduce the calibration error in the already existing datasets. In general, data
will have to be iteratively re-evaluated once new, improved measurements become available, highlighting
the need for the open-access publishing of raw spectroscopy data.

2.3. X-ray pumping, nuclear resonant scattering
Resonant excitation of nuclear states using synchrotron x-ray radiation is an exciting alternative to
population through (stochastic) nuclear decay process. Excitation from the 5/2+ [633] ground state to the
5/2+ [631] 2nd excited state at 29.19 keV (inter-band excitation, see figure 11) has recently been
demonstrated using the SPring-8 BL19LXU beamline [84]. In this experiment, a tuneable narrow-band
(FWHM linewidth 0.1 eV), high-intensity (1012 photons/s), collimated (0.15 × 0.065 mm2) x-ray beam was
directed at a solid-state 229Th sample (1.8 kBq). To identify the excitation energy, the technique of nuclear
resonant scattering (NRS) was used: off-resonance, the synchrotron x-ray beam interacts exclusively with
the 229Th electron shell. As the synchrotron source is pulsed (42 MHz pulse frequency), this photoelectric
interaction produces a ‘prompt’ electron scattering signal: electron vacancies are created in the L-shell and
successively filled, emitting characteristic x-ray fluorescence in the energy range 12–18 keV.

On-resonance (with the nuclear excitation energy), this process also takes place, producing a ‘prompt’
background. However, additionally, the nucleus is excited to the 2nd excited state with a certain cross
section, referred to as NRS [85]. This nuclear excitation decays again with a characteristic timescale, 82 ps in
the case of 229Th (29.19 keV level). The dominant decay path is internal conversion, where the nuclear
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Figure 13. Historical overview of the reported excitation energy of the 229mTh isomer.

energy is transferred to the electron shell. Similar (but not identical) to the photoelectric interaction, this
again produces characteristic x-ray lines. The key aspect here is that this NRS signal is delayed by the
nuclear excited state lifetime and can hence be distinguished by its timing characteristics (see figure 12).
However, the ‘prompt’ signal supersedes the NRS signal by 6 orders of magnitudes and filtering for an 80 ps
delay with such a background is a formidable technological challenge [86].

Scanning the energy of the SPring-8 x-ray beam, the NRS resonance was found and the excitation
energy of the 2nd excited state in 229Th (29.19 keV) was measured to be 29 189.93(7) eV. The absolute
energy of the x-ray excitation beam was monitored by measuring a pair of Bragg angles on the left/right side
of the beam using a Si(440) reference crystal (bond method) [87, 88]. This energy measurement is one of
the most precise ever performed in NRS. It is amusing to note that after hunting down the energy of the 1st
excited isomeric state of 229Th for over 40 years, it is the 2nd excited state which is one of the best-known
nuclear levels, with a stunning relative precision of 4 × 106.

By comparing the signal yields obtained for the photoelectric and the NRS interaction, one can deduce
the excitation cross section for the cross-band nuclear excitation to the 29.19 keV state. Combined with the
formerly known cross section for the intra-band process [13, 19], the b29 branching ratio could be extracted
as 1/9.4(24), in good agreement with the value measured in gamma spectroscopy.

This branching ratio describes the radiative (gamma) decay of the 29.19 keV level, leading
predominantly (90%) into the isomeric state (intra-band transition). However, as mentioned before, the
29.19 keV state mostly decays via internal conversion, the ratio of IC-decay to gamma-decay is predicted to
be around 225 [8]. Combining both radiative and IC decay processes, the probability to reach the isomeric
state from the 29.19 keV level is 0.58(7). Combining this value with the excitation rate to the 29.19 keV level
provided by the SPring-8 x-ray excitation (on resonance) yields a pumping rate of 25 000 s−1. NRS
excitation to the 2nd excited nuclear state with subsequent decay hence represents a very efficient means to
pump population into the isomeric state. Besides the 233U decay, it is the second proven isomer population
method today. It has the great advantage of transferring a negligible recoil to the 229Th atom/ion, compared
to the rather violent nuclear decay processes encountered in 233U decay. On the downside, interaction of any
sample with a strong 29 keV x-ray beam produces a strong background and significant damage.

To conclude this section on the present knowledge of the isomer properties, the remarkable progress
achieved in recent years (see figure 13 for a historic overview of the reported excitation energy of the 229mTh
isomer) now paves the way towards the realization of a nuclear clock. In particular, the much-improved
determination of the isomeric excitation energy allows for assessing the appropriate laser technology for the
long envisaged optical control of the 229mTh clock transition. With a VUV transition wavelength around
150 nm at least presently no CW laser is available to drive a nuclear clock, so other concepts will be pursued
as discussed in the following section.

3. Towards the realization of a nuclear clock

Worldwide today vivid efforts are made to unravel the properties of the thorium isomer and to realize the
nuclear clock. At UCLA, experimental efforts are focussed on constructing a solid-state optical clock based
on the 229Th nuclear transition via finding and constructing a suitable host crystal and determining the
clock transition frequency [48, 49, 89]. At JILA/NIST activities concentrate on the development of a VUV
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frequency-comb laser able to drive the 229mTh clock transition, on concepts for direct frequency-comb
spectroscopy of 229mTh targeting an IC-based solid-state nuclear clock [90, 91]. At the SPring-8 synchrotron
light facility in Japan x-ray pumping into the thorium isomer has been realized [84] and in Moscow
methods are developed for the production and trapping of thorium ions for nuclear transition investigation
[92, 93].

The main objectives of ongoing and upcoming efforts towards the realization of a 229mTh based nuclear
clock and its application, in particular as a quantum sensor for new and fundamental physics, comprise (i)
to precisely determine the 229Th nuclear structure parameters to quantify the sensitivity of the nuclear clock
to variation of fundamental constants of physics, (ii) to improve the precision on the nuclear transition
frequency by about 9 orders of magnitude (<kHz level) to enable nuclear clock operation and feedback
laser stabilization and (iii) to perform comparative measurements between different nuclear and atomic
clocks to probe fundamental concepts of physics. To reach these ambitious goals, a distributed, three-step
research strategy which we describe in this review will be adapted among the teams forming the
‘ThoriumNuclearClock’ consortium within a ‘Synergy’ project framework of the European Research
Council (ERC) [67].

A first series of experiments will start from the current knowledge of the 229Th nuclear and electronic
structure parameters and advance this knowledge to a level where (a) direct laser spectroscopy can be
commenced, and (b) the sensitivity of the nuclear transition energy to variations of fundamental constants
of physics can be quantified (see more detailed discussion in section 4). The second phase will implement
direct resonant or near-resonant [electronic bridge (EB)] excitation of the 229Th isomer by laser light and
determine the transition energy to GHz precision. The third phase will employ frequency comb precision
spectroscopy to kHz level and laser stabilization (clock operation) on the transition, together with a
systematic study of shifts and broadenings (clock benchmarking). This will continuously lead over into
clock comparison experiments (with primary standards and an Yb+ optical ion clock at the site of the
German metrology institute PTB, via GNSS-based time transfer equipment and the portable Yb+ Opticlock
[94] at the sites of LMU Munich and TU Wien) for fundamental physics tests and searches for variations of
fundamental constants.

Experimental efforts will be continuously updated and improved by sustained theory–experimental
collaboration. Theory work will (a) guide the extraction of the nuclear properties and sensitivity of the
nuclear transition energy to variations of fundamental constants (b) provide critically needed atomic
properties of Th+, Th2+, and Th3+ ions for EB excitations (c) develop ideas and measurement protocols for
fundamental physics tests and dark matter (DM) searches with the nuclear clocks, including tests requiring
3 clocks at different sites (TU Wien, LMU Munich, PTB Braunschweig).

3.1. Advancing knowledge of key nuclear properties of 229mTh
The experiments described in this subsection will deliver the nuclear transition energy sufficiently precise
(target uncertainty <1 nm, corresponding to 0.05 eV or 10 THz) to start searches for laser excitation with
GHz resolution. Isomer lifetimes for different charge states, nuclear–electron couplings and (ratios of)
nuclear moments will be determined sufficiently precise to gauge the achievable sensitivity to fundamental
constant variations and propose and plan experiments testing fundamental concepts of physics. Primarily
the α-decay of 233U and recoil ion sources will be used as ‘isomer factory’ as described above, with a
confirmed [64, 66, 77] branching ratio of 2% into the isomer state. Populating the isomer through β-decay
of 229Ac (branching into isomeric state unknown, but estimated to >13% [22]) will be introduced as a new
approach, transferring significantly less (∼3 eV compared to 84 keV) energy to the 229Th nucleus.
Controlled excitation to the isomeric state through off-resonant processes will be studied: pumping of the
isomer through the 29 keV 2nd excited nuclear state as recently demonstrated by a collaboration between
TU Wien and Spring-8 in Japan [84]. Schemes of (laser-induced) EB processes in trapped ions will be
investigated. All these experiments envisaged for the next round of experimental campaigns can be
performed temporally in parallel to the VUV laser developments preparing for direct laser excitation of the
thorium isomer (see section 3.2).

3.1.1. Refined measurement of the transition energy
Complementary experimental approaches are presently being pursued and optimized to further refine the
knowledge of the isomeric excitation energy before the first laser spectroscopic excitation measurements will
be realized.

Within the gamma spectroscopy approach, rapid progress is currently being made in improving the
detector resolution, thanks to the emergence of cryogenic detectors (microcalorimeters, transmission edge,
nanowire detectors. . . ). We expect that the resolution can be improved down to 3–5 eV within the next few
years. This should allow to further reduce the uncertainty on the isomer energy to 0.05 eV. As discussed in
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Figure 14. Visualization of the work function of the catcher and spectrometer (see also [96]). Two situations are shown:
(a) contact potential difference ΔE generated between the catcher and the spectrometer. (b) Influence of an applied offset voltage
ΔU on the contact potential difference. Reproduced from [95]. CC BY 4.0. © The Author(s), 2017.

section 2.2, further progress can also be made by improving the absolute energy calibration of the
spectrometers using new reference lines. While previous analyses focussed on individual datasets, a new
field of comparative gamma spectroscopy is emerging, combining the existing (partially historic) data to
gain new insights. Other approaches are discussed below, while plans for EB experiments are presented in
section 3.2.5.

3.1.1.1. IC electron spectroscopy In order to realize the isomeric excitation energy measurement via IC
electron spectroscopy [68], neutralization of 229mTh ions was initiated while traversing a thin graphene foil.
However, an alternative scenario is to impinge the ions onto a metallic surface and collimate, transport and
register the resulting IC electrons behind a grid with a variable blocking potential. By applying retarding
fields, an integrated spectrum can be generated, where all electrons with an energy sufficient to pass the
retarding fields that are applied to high-transmission grids are counted.

In [95] the feasibility of this method regarding electron rates and spectral shape was studied in detail via
simulations. The energy distribution of the electrons will reflect the electronic structure of the catcher’s
surface. Using an electron spectrometer in electrical contract with the catcher surface, the work functions of
the catcher surface (WC) and the one of the spectrometer (WS) have to be considered, while their Fermi
levels EF will align. A contact potential difference ΔE = WC − WS will be generated between the local
vacuum levels. This situation is illustrated in figure 14(a)). If the work function WS of the spectrometer
exceeds the catcher’s work function WC, an offset voltage ΔU needs to be applied to the catcher surface in
order to provide the electrons with enough kinetic energy to overcome the contact potential difference.
Consequently, the contact potential difference is shifted by ΔU (see figure 14(b)): ΔE′ = WC − WS +

ΔUe.
Photons with an energy hν � WC can release electrons from a metallic catcher surface with work

function WC, resulting in a Fermi distribution for the kinetic energies of these photo electrons with a
maximum energy of Emax

C = hν − WC. While this energy is given relative to the local vacuum energy level of
the catcher surface, the maximum energy of the electrons registered with the spectrometer amounts to
Emax

S = hν − WS + ΔUe. One of the main results found in [95] was that the finally registered energy of the
electrons does not depend on the value of the work function of the catcher surface, but only on the
spectrometer work function and the applied offset voltage ΔU . Treating the isomeric IC decay of 229mTh as
a virtual photon with energy EI = hν that is coupling to the delocalized surface valence electrons in the
catcher surface, the excitation energy of the isomer EI can be inferred from EI = Emax

S + (WS −ΔUe),
where the term (WS − ΔUe) can be measured with a light source of known energy and using the above
expression for Emax

S . Therefore, the only remaining surface influence of the catcher surface on the maximum
kinetic energy of an electron is the temperature-dependent Fermi distribution of Emax

e , but not the value of
the surface work function. Nevertheless, the work function of the catcher surface still plays a role, since
hν = EI � WC must always be satisfied and the electron energies (with respect to the vacuum level of the
sample) are distributed between 0 and (EI − WC).
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Improved measurements with the magnetic-bottle electron spectrometer that was described in section 2
will address the integrated kinetic electron energy spectra of IC electrons emitted from different metallic
surfaces with different work functions (Ta: 4.19 eV, Ni: 5.0 eV, Pt: 5.32–5.66 eV, Au: 4.8–5.4 eV). Previous
measurements of this type were limited by the sensitivity around the end point of the kinetic energy
spectrum (expressed by the number of registered electron counts as a function of the blocking voltage
applied to the retardation grid of the electron spectrometer). In this spectral region lowest IC decay signal
intensities compete with various noise contributions in the MCP signal down to a maximum sensitivity of 1
electron in 8 h of measurement time. Sensitivity improvement will be realized by re-focusing the IC
electrons behind the retardation grid onto a small-area MCP with considerably lower dark count rate
compared to the previously used large MCP detectors. Also the now improved knowledge of the isomeric
excitation energy [68, 69] will allow to constrain the search range of the endpoint of the IC electrons’
kinetic energy spectrum. Moreover, further improvement of the precision in determining the IC electrons’
kinetic energies could be achieved by using a selection of metallic surfaces with a spread of work function
energies. This will lead to different slopes of the integrated electron spectra, all expected to hit the energy
axis at the same energy value of the maximum blocking voltage needed to repel the most energetic IC
electrons. Improving the achievable precision of the 229mTh excitation energies by about a factor of 2–3
compared to the previous measurements is envisaged. While in general a completely clean metallic surface
cannot be guaranteed in these types of experiments, thus influencing the work functions of the catcher and
the spectrometer, it should be emphasized that, as discussed in [95], the experiment is sensitive only to the
energetic position of the Fermi edge and independent of the surface quality and thus the work function of
the catcher surface. Surface properties of the spectrometer can be accounted for by calibration
measurements as they will affect only the achievable spectrometer resolution.

3.1.1.2. Direct radiative decay Another promising route to determine the isomer energy more accurately is
to detect the direct radiative decay that leads to emission of a ‘nuclear gamma ray’ in the VUV range. The
attainable energy resolution is determined by the spectral resolution of the used VUV spectrometers,
usually in the range of 0.1–0.01 nm. Absolute calibration of the spectrometers is not critical, as a huge
arsenal of reference lines is available with picometer accuracy.

These VUV spectroscopy schemes can be coarsely divided into two groups: population of the isomeric
state in nuclear decay processes and approaches which populate the isomer through excitation from the
229Th nuclear ground state, either resonant with the isomer or via pumping using higher-excited nuclear
states (see section 2.3 above).

Two nuclear decay processes are known to produce 229Th, with a certain probability in the isomeric
state: the 233U α-decay (T1/2 = 1.6 × 105 years) has already been discussed extensively with a 2% feeding
into the isomer. As an alternative, the β-decay of 229Ac (T1/2 = 62.7 min) can be used to produce 229Th,
with a probability 14% < γβ,isomer < 94% feeding the isomer [97]. Online production of 229Ac in the
ISOLDE facility at CERN has been demonstrated [97] and production via neutron activation of
228Ra → 229Ra (rapidly decaying to 229Ac in 4 min) is currently investigated.

Both processes are being used in schemes where 233U or 229Ac are doped or implanted into VUV
transparent host materials [51]. Similar to the early attempts to detect the ‘VUV gamma ray’ in
spectroscopy [24–28], these experiments ‘simply’ place a prepared sample in front of a VUV spectrometer.
The route via 233U has the advantage of simplicity; doping of uranium into VUV-transparent materials (e.g.
fluoride single crystals) is straightforward. This approach is however burdened with the violent α-decay
producing the 229mTh (Qα = 4909 keV), transferring a recoil energy of 84 keV onto the daughter nucleus.
This recoil energy is sufficient to overcome any chemical bond, ejecting the atom/ion from its initial
configuration (e.g. dopant position in a solid) and leaving it in an uncontrolled final state concerning
position and charge state. While this process inevitably generates a background signal, it may also open up
additional decay paths, inhibiting the direct radiative decay of the isomer.

The approach employing 229Ac decay to populate the 229Th isomer has several advantages: it has a higher
isomer production rate (at least 14%) and the β-decay (Qβ = 1.1 MeV) transfers a small recoil energy of
2.3 eV onto the nucleus [98], below typical displacement energies in solids. Still, on-line production of
229Ac requires significant infrastructure and crystal damage due to the implantation will have to be
considered.

The second main approach to ‘VUV nuclear gamma spectroscopy’ relies on excitation paths starting
from the 229Th nuclear ground state and leading into the isomer (possibly using intermediate states). Here,
strong activities are under way to exploit the optical x-ray pumping demonstrated at SPring-8 (see
section 2.3 above), but now in a VUV transparent crystal sample. The main challenge here is to maintain
the nucleus density of the solid-state sample, now in a transparent crystal sample. This required doping
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Figure 15. Sketch of the experimental setup that was used to measure the decay properties of 229mTh in different host materials.
229mTh ion bunches are collected on the surface of a catcher which is placed in the collection region of a magnetic bottle
spectrometer [75].

concentrations exceeding 1017 229Th nuclei per cubic centimeter. Furthermore, the high-energy 29 keV x-ray
beam causes significant damage and signal background.

Another obvious way to populate the 229Th isomer is by direct resonant radiative excitation. In view of
the current lack of narrow-band laser sources in the VUV range, several attempts were made to trigger
excitation using broadband synchrotron radiation. In 2014/15, a group at UCLA used 229Th-doped LiSrAlF6

crystals (1016 to 1017 cm−3 concentration) in the Advanced Light Source (ALS) synchrotron to optically
excite the isomer [49]. ALS provided a 0.19 eV linewidth source with an integrated flux of ∼7 × 1014

photons/s, tunable between 7.3 eV and 8.8 eV. No nuclear fluorescence signal could be detected, which
allowed to exclude (at 90% confidence level) short isomer lifetimes (between 1–2000 s) in the scanned
energy interval. This assumes that non-radiative decay processes are negligible in the crystal.

A similar experiment was carried out at the Metrology Light Source (MLS), this time using a
229Th-doped CaF2 crystal (1016 cm−3 concentration) [50]. The energy range between 7.5–10 eV was
investigated, and again no nuclear fluorescence could be observed. Also a surface-deposited sample of 229Th
nitrate on a CaF2 carrier substrate has been investigated at MLS in the energy range 3.9–9.5 eV, again not
producing a result [52]. The failure to detect nuclear fluorescence in these three experiments raises
suspicion on the presence of non-radiative decay processes in the crystal/solid-state environment. Further
investigation on the electronic structure of 229Th in different chemical environments are required [50].

3.1.2. Isomer lifetime
Refined measurements of the isomeric lifetime, presently under preparation, will target two aspects: aiming
at (i) deeper insight into the influence of the electronic environment on the lifetime of neutral 229Th
isomers and (ii) realizing a first measurement of the ionic 229mTh lifetime.

3.1.2.1. Surface influence on the 229mTh half-life The so far only experimentally determined value of the
thorium isomer’s half-life is the value of 7(1) μs determined in [74] for neutral surface bound isomeric
229Th atoms. However, this value has to be treated with some caution, as it has been obtained after initiating
IC decay of 229mTh ions via neutralization on a metallic surface, in this case an MCP detector with nickel
alloy surface. Since the lifetime of the isomer depends on the electronic orbitals in the surrounding of the
nucleus, one has to expect that the isomeric lifetime is affected by the chemical structure of the surface [35].
This was already observed in early lifetime measurements of the nuclear isomer in 235U [99, 100] (which is
the energetically second lowest nuclear excited state after 229mTh). There it was found that the lifetime of the
IC decay channel on a catcher surface is influenced by the host material.

In [74] this was taken into account by the error margin of 1.0 μs. However, in subsequent measurements
Pt was used as an alternative metallic catcher surface to initiate IC decay of 229mTh by neutralizing
impinging ions and considerably modified half-lives were observed.

These measurements were performed with 229Th2+ ions which were collected on a platinum surface
with a kinetic energy of 60 eV: the 2+ ions started at a potential of +15 V in the RFQ-buncher and were
collected on the catcher by an attractive potential of −15 V [75]. The corresponding experimental
arrangement, based on the already introduced magnetic-bottle electron retardation spectrometer, is shown
in figure 15. It was found that the measured lifetime depends on the applied blocking voltage. Additionally,
it turned out that for larger blocking voltages the lifetime decreased. Modifications by up to a factor of 2
were observed [75]. These findings are interpreted such that the decay of the isomer was governed by more
than one decay constant, resulting from different electronic environments. Besides surface effects
introduced by water or hydrocarbon contamination layers on the untreated metal surface, also the
penetration depth of the 229mTh ions into the platinum material could have been responsible for the
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Figure 16. Design sketch (side view) of the new experimental platform for laser-spectroscopic studies of stored thorium ions. A
newly designed compact buffer-gas stopping cell containing the 233U source and an RF + DC funnel structure (left side) is
followed by an extraction RFQ and a QMS. The central part is formed by the cryogenic linear Paul trap, embedded into 4 K and
40 K cryoshields and cooled to 4 K by a vibrationally decoupled cryocooler head. 12 viewports grant optical access to the trap
centre for diagnostics and laser manipulation purposes. A second QMS is mounted on the extraction side of the Paul trap,
enabling a mass-selective diagnostic behind the Paul trap and the injection of Sr+ ions for sympathetic laser cooling as described
in the following.

Figure 17. Left: gold-plated Paul-trap electrodes with surrounding support structure and electrical contact rods. Right: electrode
system embedded into the 4 K cryoshield with diagnostic and laser entrance ports.

observed behaviour of the isomeric half-life. The ions’ initial kinetic energy of 60 eV results in an
implantation depth of ∼5 Å. IC electrons that are emitted deeper into the catcher material will lose kinetic
energy by inelastic collisions with the catcher material. Such electrons can be suppressed more easily by
increasing the blocking voltage of the magnetic bottle spectrometer. Hence electrons reaching the
spectrometer with higher kinetic energies are more likely to originate from areas at or near the catcher
surface, while the low-energy electrons are mostly due to scattered electrons originating from deeper-seated
areas of the catcher.

Further systematic measurements with controlled clean surfaces of different metals and variable kinetic
energies of the impinging 229mTh ions are needed to further investigate the dependencies of the isomeric
lifetime.

3.1.2.2. Determination of the ionic 229mTh lifetime: instrumental prerequisites So far, the measurement of the
ionic lifetime of 229mTh was inhibited by the expected long lifetime of a few 103 s, requiring correspondingly
long storage times in the applied linear Paul trap. While a conventional high-vacuum environment did not
allow for storage times of more than about 1 min, the ionic isomeric lifetime needs storage times that can
only be achieved in a cryogenic environment. Moreover, a measurement of the expected long lifetime will
require an appropriately adapted methodology, different from the one used for the 9 orders of magnitude
shorter lifetime of neutral 229mTh. Therefore, major instrumental developments are needed to prepare for
the first determination of the lifetime of ionic 229mTh.

The key element will be a cryogenic linear Paul trap, providing a platform for long ion storage, laser
cooling and laser manipulations of stored thorium ions in the isomeric state. The system under
development at LMU Munich builds on the experience gained with the CryPTEx cryogenic Paul trap
developed by the Heidelberg group for studies of highly charged ions [101, 102]. Figure 16 shows a sectional
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Figure 18. Cryogenic Paul-trap setup with injection (left) and extraction (right) components as presently being commissioned
at LMU Munich.

Figure 19. Technical drawing of the newly developed compact α recoil source designed for loading the cryogenic Paul trap with
229mTh ions. The buffer-gas stopping cell (containing the 233U source and an RF + DC funnel structure) is connected to the
segmented RFQ by a de-Laval nozzle.

view of the full setup, from the injection line with a newly developed compact buffer-gas stopping cell,
cooler-buncher RFQ and injection QMS (left side of the Paul trap) and a second QMS on the extraction
side of the Paul trap. A cryo-cooler, decoupled from the trap by a low-vibration interface, serves to reach the
operational temperature of 4 K at the Paul trap electrodes, thermally shielded by 4 K and 40 K cryoshields.

Figure 17 displays the trap electrodes with their support and electrical contact rods (left), mounted
(after gold-plating) into the innermost cryoshield (right).

Figure 18 presents the cryotrap setup with injection and extraction components (on the left-hand side
the new gas cell is not yet mounted) as sketched in figure 16. The system has been commissioned with stable
test ions, reaching a mass resolving power (tested with 39,41K and 85,87Rb) of m/Δm ≈ 150 [103].

As only few 229mTh ions at a time will be loaded into the cryogenic Paul trap for sympathetic laser
cooling and laser manipulation, an adapted compact recoil source and buffer-gas cell design was realized
specifically for the new cryotrap setup. Compared to the stopping cell shown in figure 4, the new gas cell
volume (displayed in figure 19) has been reduced by about a factor of 20 from a previously oversized
volume (due to a different initial design application) of about 15 000 cm3 to now about 750 cm3, sufficient
to thermalize and extract the α-decay recoil products from 233U with about 84 keV kinetic energy.
Moreover, as only a few to a few hundred ions are needed to be loaded into the Paul trap, the 233U source
can be reduced in activity from previously 290 kBq to about 10 kBq, thus requiring a much smaller
diameter of only about 25 mm (compared to 90 mm in the cell from figure 5). Note that all 233U sources
carry a central hole of 5 mm diameter in order to allow for collinear laser manipulations.

Cleanliness has been given highest priority in the design of the UHV compatible cell, allowing for
bake-out up to about 150 ◦C via heating elements inserted into the cell corner walls.

This system will form the central experimental platform for use in all envisaged trapped ion
spectroscopy experiments.
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Figure 20. Schematic of nuclear quadrupole splitting emerging for 229Th ions doped into VUV transparent CaF2 crystals, with
approximate transition frequencies in the RF regime.

3.1.2.3. Measurement of the ionic charge- and electronic-state dependent isomeric lifetime Following
successful commissioning of the new experimental device comprising the compact gas cell and the
cryogenic Paul trap, in a first stage towards an ionic lifetime measurement 229Th3+ ions will be
sympathetically laser cooled to mK temperature with co-trapped laser-cooled 88Sr+ ions. These are injected
via the extraction side into the Paul trap, through a quadrupole bender from an ion source mounted
perpendicular to the trap axis to avoid a direct line of sight between the hot source and the cryogenic trap.
88Sr+ is free from hyperfine structure and can be conveniently laser cooled with two diode lasers at
wavelengths 422 nm and 1092 nm. This allows for preparing a large number of cold Th3+ ions and to use
them for spectroscopic and lifetime studies. Since the mass-to-charge ratio of 88Sr+ is slightly higher than
that of Th3+ , the two species remain closely coupled and big Coulomb crystals can be formed in a linear RF
trap with Th3+ ions close to the axis of the trap, inside a shell of cold Sr+ ions. Fluorescence detection from
each Th3+ ion on the 5f F5/2 → 6d D5/2 resonance transition at 690 nm with an intensified CCD camera will
make it possible to distinguish between ground state and isomeric ions by illuminating the Coulomb crystal
alternately with two laser frequencies that are tuned to an HFS component of one or the other state. As the
result of detecting each individual ion in one or the other nuclear state is free from background, this
method makes it possible to detect even small nuclear transition rates (of order 10−3 s−1) with high
confidence. Moreover, the isomeric lifetime will be investigated in different charge states (Th+, Th2+ , Th3+)
and selectively excited metastable electronic states, indicating contributions from EB decay. Hence detailed
insight can be obtained into the ionic 229mTh lifetime as the last key nuclear property that has not been
directly determined so far.

3.1.3. Determination of isomer and ground nuclear moments
While first results on the isomer nuclear moments have recently been obtained in two-photon laser
spectroscopy of room-temperature Th2+ [77] (see section 2) with 15–30 MHz uncertainties in the
hyperfine constants A and B, significant improvements in accuracy can be expected from measurements
with laser cooled Th3+ ions. The electronic ground state manifold of Th3+ consists of a doublet of 5F states
with a total of 12 hyperfine levels in the nuclear ground state and 8 in the isomer. To obtain cyclic laser
excitation and fluorescence detection in the presence of optical pumping requires a set of several laser
frequencies that can be produced as RF modulation sidebands on a smaller number of laser carrier
frequencies. The 229Th ions are kept at a mK temperature by sympathetic cooling inside a Coulomb crystal
of 232Th or another coolant ion. Such a scheme has been successfully used in a hyperfine spectroscopy
experiment for the nuclear ground state and A and B hyperfine constants with uncertainties of 0.6–10 MHz
have been obtained [59] providing the basis for the so far most precise 229Th nuclear moments [104]. The
experimental uncertainty has been due to uncertainties in Zeeman splittings combined with optical
pumping effects, laser cooling dynamics, and light shifts [59]. An improved accuracy is expected for a
planned experiment at PTB by employing methods that are used in microwave clocks based on hyperfine
resonances in trapped ions, like driving the hyperfine transition with a microwave field that is temporally
separated from the optical pumping in order to avoid light shift. The experiment will use a recoil ion source
so that both the nuclear ground state and the isomer can be studied. Since these experiments may directly
provide precise ratios of the nuclear moment of isomer and ground state without requiring information on
the atomic structure, they are well suited to answer the question how similar or different the proton charge
distribution is in both states (see section 4).

It is interesting to note that nuclear moments, in particular the quadrupole moments of the ground and
isomeric state, can also be studied in a solid-state environment. Doping of 229Th into VUV-transparent
crystals—mostly fluorides—has been discussed quite extensively in the literature [105–107]. In most cases,
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Figure 21. Range of frequencies for the uncertainty (or resolution) of the 229mTh nuclear clock transition (together with
complementary fractional uncertainties on the right-hand side), from our present nuclear-physics based knowledge down to the
ultimate goal of a high-accuracy optical nuclear clock operated by resonant laser excitation of the thorium isomer. Expected
progress towards the subsequent development stages is indicated by the horizontal location of the respective red areas. Where
present, gradient colours indicate an expected uncertainty around a spectral resolution target value as given in the text legend.

the Th ion replaces the metallic ion in a different charge state, so charge-compensation mechanisms
(vacancies, interstitial F ions) will take place. This breaks the crystal symmetry and leads to an EFG of order
10–500 V Å−2 at the position of the nucleus, which in turn leads to a quadrupole splitting of the nuclear
levels (see figure 20). Transitions between nuclear quadrupole states are expected in the 50–500 MHz range
and can be investigated using nuclear quadrupole resonance spectroscopy in the RF domain. Investigations
in this direction are currently under way, starting with more abundant isotopes of similar quadrupole
moment Q such as uranium or neptunium. Nuclear quadrupole structure can on principle also be studied
in Mössbauer spectroscopy, but the 233U → 229Th system is not well suited, due to the very weak gamma
lines involved.

3.1.4. Calculation of Th+, Th2+ and Th3+ atomic properties
The determination of the ground/isomeric state nuclear moments requires a combination of precision
measurements of the hyperfine structure and a precise calculation of the relevant hyperfine matrix
elements. The planned experimental efforts have been summarized in the previous section. Present most
accurate values of the 229Th ground state nuclear magnetic dipole and (spectroscopic) electric quadrupole
moments, μ = 0.360(7)μN and Qs = 3.11(6) eb [104], were obtained from the Th3+ calculations using the
linearized coupled-cluster method [108] combined with prior measurements [59]. The atomic hyperfine
constants A are proportional to the nuclear magnetic dipole moment μ. Therefore, calculation of (A/μ)th

allows to extract μ as the ratio of the experimental value for the hyperfine constants Aexpt and (A/μ)th. The
nuclear (spectroscopic) electric quadrupole moment Qs is obtained as the ratio of the experimental
hyperfine constants Bexpt and the computed quantity (B/Qs)th. Since the accuracy of the resulting nuclear
moments is limited by the estimated accuracy of the theoretical calculations, one has to select levels where
the highest theoretical accuracy may be achieved. We note that nuclear moments can be extracted from
computations and measurements for any Th ion. However, Fr-like Th3+ ion has a single valence electron
above the closed [Rn] = [Xe]4f145d106s26p6 core and such electronic level structure is generally conducive
to highest accuracy atomic calculations. The uncertainty of the computations can be evaluated based on the
differences in various approaches and comparison of hyperfine constants for similar elements with
experiment, where magnetic moments are known to high accuracy from other methods [104]. The accuracy
of the Th3+ computations may be improved with inclusion of triple and non-linear excitations into the
computations, such as performed in [109].

Th, Th+, Th2+ atomic properties were calculated in [110] using a hybrid method that combines the
configuration interaction (CI) approach with the linearized version of the coupled-cluster method (referred
to as CI + all-order method [111]). In this approach, a coupled-cluster method is used to build an effective
Hamiltonian that includes core correlations. This effective, rather than bare Hamiltonian, is then used by
the CI. Reference [112] demonstrated that the CI + all-order method can accurately describe isotope shifts
in such complicated systems as Th+. The results of [112] are important for the selection of efficient
transitions for the excitation of the 229Th isomer, as the isotope shift indicates the strength of the Coulomb
interaction between electrons and nucleus that is relevant for NEET processes.

Isotope shift calculations in Th+ and Th2+, which included the specific mass shift, were carried out in
[79] using the CI-order method. Theoretical results were combined with experimental measurements to
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Figure 22. Tunable VUV laser system based on four-wave mixing of amplified laser pulses in Xe or Xe/Kr gas. The pulsed
amplifiers are seeded by tunable CW lasers for precise frequency control. The third harmonic of one laser (250 nm) is close to a
two-photon resonance in Xe at 9.9 eV and the photon energy from the second laser is subtracted to reach the 8 eV region.

extract the difference in rms radii between 229Th and 232Th. Recent advances in the development of the
CI + all-order approach allow to significantly increase the number of configurations that can be included in
the CI with new parallel code [113] and extract many more levels that was previously possible [114]. Triple
and non-linear terms can also be added to the construction of effective Hamiltonian.

In summary, a wide variety of atomic properties of all Th ions and neutral Th can be computed to high
precision to support experiments described in this work.

3.2. Nuclear laser excitation and spectroscopy
As much as recent experimental progress in our understanding of the thorium isomer’s properties has
opened the door towards the realization of the nuclear clock, the illustration in figure 21 reveals the
enormous gap on the frequency scale between our present knowledge and the ultimate goal to operate a
high-accuracy nuclear clock. The uncertainty of the 229mTh nuclear clock transition frequency is shown for
different milestones on the road towards the nuclear clock. Starting from the present uncertainty of about
40 THz, still 12–13 orders of magnitude need to be bridged before arriving in the regime of metrological
competitive clock operation.

Within the ‘ThoriumNuclearClock’ project [67] it is envisaged to reach this final goal in three stages,
starting with consolidating measurements that will improve the precision of the isomeric excitation energy
via optimized γ and IC electron spectroscopy to well below 0.1 eV. Searching for the energetic position of
the thorium isomer’s nuclear ground-state transition with laser spectroscopic precision marks the
cornerstone of the second experimental phase. As proposed in [115], already existing laser technology can
be applied for a proof-of-principle first all-optical resonant nuclear excitation of 229mTh. As will be outlined
in the following section, using a tunable laser system with a bandwidth of about 1–10 GHz will allow for a
broadband search of the nuclear resonance.

3.2.1. Direct VUV laser excitation of trapped ions
Tunable sources of coherent radiation in the VUV can be obtained by sum- and difference-frequency
conversion of pulsed laser radiation in gases. A light source using resonance-enhanced four-wave difference
mixing in xenon gas delivers high-intensity pulses of VUV light with a continuously tunable wavelength
from 122 nm (10.2 eV) to 168 nm (7.4 eV) [116], covering a 3σ search range around the present best values
for the isomer energy. Here one laser photon at 250 nm is close to a two-photon resonance in Xe at 9.9 eV
and the second photon from a tunable laser is used for sum- or difference frequency generation. Precise
control of the emission wavelength can be obtained by using light from frequency stabilized CW lasers for
seeding pulsed amplifiers. The VUV radiation intensity of the source is in the range of 1013 photons per
5 ns pulse for the wavelengths 150–160 nm. The linewidth of the VUV radiation is in the range of a few
100 MHz and the pulse repetition rate, determined by the pulsed amplifiers, in the range of tens of Hz.
Typical photon spectral densities of VUV radiation at 150 nm obtained in the four-wave mixing
experiments are ∼106 photons/s/Hz which corresponds to ∼1 pW/s/Hz spectral power density. Because of
the high spectral brightness, these VUV light sources are a useful tool for VUV spectroscopy of thorium.
The ∼GHz linewidth is adapted to the Doppler-broadened linewidth of trapped ions at room temperature,
and allows for the resolution of hyperfine structure splittings and isomer shifts in doped crystals. Such a
source is presently under development at PTB and a simplified schematic is shown in figure 22. Assuming
the spectral power density of the VUV source is in the order of 106 to 107 photons/s/Hz and the beam waist
of 100 μm, the excitation rate of the thorium isomeric state can be estimated to be about 10−6 to 10−5 s−1

for an ion in an RF trap. It will therefore be necessary to work with many ions in parallel and to use an
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Figure 23. Schematical view of the experimental scheme for direct laser excitation of 229mTh making use of the IC decay channel
in the neutral thorium isomer. Reprinted figure with permission from [115]. Copyright (2017) by the American Physical Society.

efficient method for detection of the isomer excitation, like a double-resonance scheme based on hyperfine
spectroscopy [77].

3.2.2. Broad-band resonant excitation of 229Th
Our present knowledge of the thorium isomer’s excitation energy still requires to scan a considerable energy
interval (at least 0.34 eV corresponding to the 1σ uncertainty of the isomeric energy from [68, 69]) while
searching for the precise energy of the nuclear resonance. In order to allow for a reduced laser scanning
time and in contrast to previous laser experiments, this scenario makes use of the fast (lifetime of ∼10 μs)
non-radiative IC decay channel of neutral 229mTh for the isomer detection. A large signal-to-noise ratio can
thus be achieved as prerequisite for a reasonably short laser scanning time. The IC decay channel of 229mTh
has been experimentally firmly established [31, 32] and is known to be the dominant decay channel for
neutral 229Th atoms. This approach corresponds to laser-based conversion electron Mössbauer spectroscopy
in the optical region [33] and is found to be advantageous compared to earlier proposals that make
exclusive use of a potential radiative decay for isomer detection. The reason for this improved perspective is
that the isomeric IC decay is ∼9 orders of magnitude faster, which allows us to trigger the decay detection
correlated with the laser pulses. In this way the signal-to-background ratio of the detection can be
significantly improved, while shortening the required time to search for the direct nuclear laser excitation of
229mTh (across an energy range of 1 eV) to a realistically feasible period of about three days [115]. Figure 23
displays a scheme of the experimental setup as developed in [115], where a thin layer of 229Th (2–3 nm
thick, area ca 1 mm2) coated onto a gold substrate is irradiated by a broad-band (ca 10 GHz), pulsed (pulse
duration ca 5 ns, repetition rate ca 10 Hz) and tunable VUV laser (similar to the one described in [116]). IC
decay is initiated upon resonant excitation of 229mTh, the emitted IC electrons are collimated by a
permanent magnet and guided in a solenoidal magnetic field towards an MCP detector.

Within the ‘ThoriumNuclearClock’ project, direct VUV laser nuclear excitation studies are envisaged to
be performed in collaboration with PTB (Braunschweig, Germany) using their tunable four-wave mixing
VUV laser system with coincident IC electron detection from an irradiation of solid targets according to the
scheme proposed in [115].

3.2.3. Narrow-linewidth high-power VUV frequency comb
An advanced concept for a narrow-linewidth direct frequency-comb spectroscopy of 229mTh and an IC
based solid-state nuclear clock was recently worked out in [91]. The concept uses a single comb mode
of a VUV frequency comb by high-harmonic generation (HHG) of an Yb-doped fibre laser system
(7th harmonic). More than 1013 229Th atoms on a surface are irradiated in parallel and a successful nuclear
excitation is probed via the IC decay channel. A net scanning time of 15 min for the 1σ energy uncertainty
interval of 0.34 eV of [68, 69] appears to be achievable when searching for the nuclear transition. In case of
successful observation, the isomer’s energy value would be constrained to an uncertainty of about
100 MHz, which is a factor of 106 of improvement compared to today’s knowledge. Further, the comb mode
could be stabilized to the nuclear transition using the same detection method, allowing for the development
of an IC-based solid-state nuclear clock, which is estimated to achieve the same performance as a
crystal-lattice nuclear clock, however, with the advantage of a drastically simpler detection scheme [91].
Finally, in the concept of [91] the same laser system with a comb mode linewidth of 0.5 kHz could be used
to narrow down the isomer’s transition energy by further six orders of magnitude during laser excitation of
229Th3+ ions in a Paul trap, and assuming a smaller comb mode linewidth of 1 Hz to drive nuclear Rabi
oscillations, as required for the development of a nuclear clock based on a single 229Th3+ ion.

A VUV frequency comb for the optical excitation of the nuclear transition in trapped 229Th ions needs
to fulfil the requirements of the coverage of the search range in the VUV around 150 nm, a large power per
comb mode (and average power), and a narrow linewidth of the comb modes.
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Figure 24. Sketch of the planned VUV frequency comb with an IR frequency comb stabilized to a reference cavity via an
external-cavity diode laser, a high-power Yb:fibre amplifier, nonlinear pulse compression in a multi-pass scheme, and
resonator-enhanced HHG in a gas target.

The recent improvement in the determination of the 229mTh transition energy can be considered
sufficient to choose a system with an ytterbium-based laser, reaching the VUV with the 7th harmonic. This
allows for a higher infrared (IR) average power compared to other systems, e.g. Ti:sapphire, reaching the
VUV with the 5th harmonic. Yb:YAG and Yb:fibre amplifiers deliver multi-100 W average power, which
overcompensates the expected larger conversion efficiency for shorter driving wavelengths [117]. An
Yb:YAG Innoslab amplifier would provide a large power with very small nonlinearity in the amplifier at
multi-10 MHz repetition rate even without chirped-pulse amplification (CPA) [118], however, the centre
wavelength is fixed at 1030 nm. Yb:fibre amplifiers allow a larger flexibility in the centre wavelength and can
reach a reasonable nonlinearity employing CPA. We plan to use a 400 W Yb:fibre amplifier operated with a
centre wavelength of 1050 nm, yielding a VUV spectrum centred at 150 nm. This power is 5× larger than
the highest power for an IR frequency comb reported to date [119], and will allow scaling VUV power.

Another issue in scaling the VUV power is to increase the conversion efficiency by using shorter driving
pulses. At the same time this increases the bandwidth in the UV, covering a larger search range. HHG
efficiency is a steep function of pulse duration, which promises a larger VUV power per comb mode, even
though the power is distributed over more comb modes. The driving pulse duration is limited by the
bandwidth of the enhancement resonator, allowing pulses well below 100 fs depending on the finesse and
number of mirror reflections. Even 19 fs have been demonstrated [120], however at moderate power and
without HHG.

While Yb:fibre amplifiers achieve 120 fs pulses at the 80 W power level [119], the pulses are considerably
longer at larger average power and nonlinear pulse compression has to be employed. Established
compression schemes are not applicable to pulses with pulse energy of several μJ, however, which prevented
the combination of the high average power of Yb-based lasers (>100 W) with short pulse duration
(<100 fs) at high repetition rates (10–100 MHz). A novel compression scheme based on spectral
broadening in a multi-pass cell fills the gap in applicable pulse energy [121, 122]. Such a pulse compression
setup has enabled a resonator-enhanced HHG system with a record power in the XUV [123]. The nonlinear
pulse compression also adds some flexibility to the centre wavelength. The nonlinear spectral broadening is
symmetric around the centre wavelength (with negligible Raman delay in a solid nonlinear medium), but
the spectrum can be broadened by a large factor and part of the spectrum can be removed with a dielectric
filter, shifting the centre wavelength by >10 nm with an acceptable power loss.

An enhancement resonator will be used in order to reach the intensity for the highly nonlinear HHG
process also a high repetition rate and to boost the conversion efficiency. Circulating average powers
>10 kW in an HHG resonator and stable operation over many hours have been demonstrated [90, 124]. At
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Figure 25. Schematic of the solid-state VUV frequency comb system (from [135] © 2019 Optical Society of America).

150 nm a large output-coupling efficiency can be achieved with a coated plate at Brewster’s angle [125]. We
plan to use geometrical output coupling in a non-collinear configuration similar to [126], which avoids the
dispersion, nonlinearity and degradation problems of the plate, and also promises a large output-coupling
efficiency. The highest VUV power per comb mode reported to date is ca 0.3 nW/mode at 149 nm [125],
estimated from the out-coupled average power of 0.5 mW in the 7th harmonic. The scaled parameters of
our planned system let us expect a VUV power well above 10 nW/mode.

A major concern for the development is the comb linewidth in the VUV, which is determined by the
phase noise acquired in the system. If the phase noise becomes too large, the power in the comb modes
drops and the frequency comb structure eventually completely vanishes. The HHG process has been shown
to be coherent, but the phase noise is multiplied according to the harmonic order, yielding a quadratic
increase of the harmonic’s linewidth [127]. This affords a sufficiently small phase noise of the IR frequency
comb and in turn a careful design of the system. This includes a low-noise IR frequency comb stabilized to a
high-finesse reference cavity in the optical domain, low-noise amplifiers and a compensation of beam path
fluctuations. Frequency combs in the VUV have so far only been applied to spectroscopy of broad
transitions (>MHz) in argon and neon [128] and in xenon [129], not confirming narrow VUV comb
linewidth but only placing an upper bound in the MHz range.

Such a laser system will be developed by Fraunhofer ILT together with RWTH Aachen and installed at
LMU Munich (see figure 24). In combination with the previously described cryogenic Paul trap it will allow
direct resonant VUV laser excitation of (sympathetically laser cooled) trapped 229mTh3+ ions.

3.2.4. Narrow-band solid-state VUV frequency comb
Very recently, generating high harmonics from solid-state material has attracted some attention [130–132].
The underlying physical processes are not yet fully understood and there is even a discussion, whether the
dominating origin of solid-HHG is to be found within the bulk material or rather at the surface or at
interfaces [132–134]. Still, this process promises high VUV conversion efficiencies and has significant
practical advantages compared to gas-jet systems.

The team at TU Wien recently demonstrated solid-HHG in a passive enhancement cavity, realizing a
VUV frequency comb (see figure 25) [135]. The system is based on a commercial 0.9 W Ti:sapphire
femtosecond oscillator (FC8004, Menlo Systems) generating 27 fs pulses at a repetition rate of 108 MHz, at
800 nm central wavelength. The repetition rate and the offset frequency of the frequency comb are
stabilized to a 10 MHz rubidium frequency standard, realizing a frequency comb in the IR.
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Figure 26. High harmonics generated within the solid-state HHG approach. Black line indicates the single-pass yield, red line
the yield obtained within the passive enhancement cavity (from [135] © 2019 Optical Society of America).

Figure 27. A schematic illustration of the EB excitation scheme. The virtual state with an energy matching the nuclear excited
state is depicted by the dashed line [144].

After a pre-compensation (negative chirp), IR pulses with 7.5 nJ energy enter a secondary, passive
enhancement cavity, built inside a UHV vacuum chamber to avoid absorption of the generated VUV light.
The group delay dispersions (GDD) of the cavity mirrors are chosen to yield effective near-zero GDD per
roundtrip. The length of the ring-type enhancement cavity is 2776 mm to match the seeding laser repetition
rate. One cavity mirror is mounted on a piezo to lock the cavity length to the repetition rate of the
Ti:sapphire oscillator, using a Hänsch–Couillaud scheme. Without the solid-state target, enhancement
factors ∼200 are realized.

Inside the cavity, curved mirrors are used to focus the beam onto an IR-transparent solid-state target,
with an FWHM focus of 12 μm. The target consists of a 100 μm sapphire carrier substrate with a 30 nm
AlN crystalline film. The sample is tilted near Brewster angle to reduce losses inside the enhancement cavity
(<1%, see figure 25(b)).

The 5th harmonic (central wavelength at 160 nm) generated by the solid-state target are coupled out of
the enhancement cavity using a multilayer mirror designed for >90% reflectivity within the 150–170 nm
spectral range [136]. The 5th harmonic, together with weak residuals (few %) of the 3rd and 7th harmonic
is focussed onto the entrance slit of a VUV spectrometer using a lens. An additional VUV filter is used to
suppress the otherwise overwhelming signal from the 800 nm driving radiation.

The 5th harmonic is generated efficiently from the solid-state target (see figure 26), also the 3rd and the
7th harmonic have been detected. Note that the relative amplitudes of the harmonics are strongly affected
by the highly selective efficiency of the outcoupler. The frequency-comb structure of the generated VUV
light was verified by beating the 3rd harmonic with a 266 nm CW laser (Toptica TopWave 266). The beating
signal also provided an upper bound on the linewidth of a single comb mode <1 MHz, most probably
dominated by the linewidth of the CW laser.

We estimate the IR-VUV conversion efficiency of this process to be ∼3 × 10−8 (for the 5th harmonic,
referring to driving laser power outside enhancement cavity), similar to gas-jet efficiencies obtained in
comparable systems [137]. Increasing the beam power circulating within the enhancement cavity by two
orders of magnitudes (compatible with damage thresholds of involved optical components) and shifting the
central pump wavelength towards 750 nm, we believe that a 5th harmonic centred at 150 nm with
0.1–1 nW/comb tooth can be realized. One option investigated at the moment in Vienna is to include the
solid-HHG directly in the primary femtosecond oscillator. As the harmonics are derived from a Ti:sapphire
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Figure 28. Example of the LIEB process (right) and its Feynman diagrams (left). The solid lines in the Feynman diagrams
correspond to the electronic states, the double-lines represent the nuclear state and the wiggly lines depict the photons. Initial
and final configurations are indicated by i and f respectively, g and m refer to ground and metastable state, and n indicates the
intermediate/virtual state. Reproduced from [146]. CC BY 3.0. © 2018 The Author(s). Published by IOP Publishing Ltd on behalf
of Deutsche Physikalische Gesellschaft.

primary frequency comb with rather low phase-noise and taking into account the quadratic scaling of the
noise with harmonic orders, we believe, that a linewidth of few kHz for a single comb tooth can be
achieved. This approach still produces 2–3 orders of magnitude lower spectroscopic yield than the
high-power gas-jet approach described above (section 3.2.3). It is nevertheless a promising approach for the
interrogation of 229Th-doped crystal samples, where the number of interrogated nuclei is increased by 10
orders of magnitude (compared to trapped ion approaches) and where the linewidth of the interrogation
(single comb tooth) of order kHz matches the (broadened) linewidth of the nuclear transition within the
solid (equally expected around kHz).

3.2.5. Electronic bridge excitation
We now shift from direct nuclear laser excitation scenarios towards a different setup involving the atomic
shell as mediator. The EB is a process coupling a nuclear transition to a transition in the atomic shell via
electromagnetic interactions. This becomes relevant especially in the case of low-energy transitions where
the radiation wavelength exceeds the nuclear size by many orders of magnitude and radiative coupling to
the larger electron shell serves as a somewhat better matched antenna. Luckily, 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 [138, 139] and
discussed in the context of 229Th in [140–143]. In the literature the term EB is used both for nuclear
excitation and for nuclear decay, with the corresponding atomic shell transitions.

For illustration purposes we present a simplified three-step EB excitation scheme in figure 27. The
atomic shell is initially in an excited state. Upon absorption of an external laser photon, a virtual electronic
state is reached, which matches in energy the nuclear transition energy. In the final step, the electronic shell
decays to a real state and transfers its energy to the nucleus, which is thereby excited.

The theoretical formalism for the study of EB has been developed in references [140–143] and relies on
the calculation in third-order perturbation theory of the transition amplitude of the process. This
amplitude involves the electronic and nuclear matrix elements of the respective transitions, and a sum over
all possible intermediate states used for the description of the virtual electronic state. Should the virtual
state be in the close vicinity of a real state, the corresponding term in the sum over intermediate states
becomes very large and the EB process can be very efficient. Theoretical studies show that depending on the
exact nuclear transition energy and on the ionic charge, the EB channel can be more efficient than
photoexcitation or radiative decay, respectively [142, 143]. This makes it appealing for the direct access to
the isomeric transition in 229Th. It also offers the technical advantage that two-photon excitations can be
employed by using an electronic intermediate state in a first excitation step, avoiding the need for a tunable
VUV laser. EB excitation would likely by followed by EB decay, leading to a characteristic, delayed cascade
of fluorescence photons. This signature has been searched for experimentally in Th+ and Th2+ ions, where
the electronic spectra possess a high level density in the energy range of the isomer, making a resonant
enhancement of the EB probable. For Th+, more than 200 so far unknown electronic states of even parity
have been observed between 7.3 and 9.8 eV [145], but an investigation of laser excitation of these levels has
not provided an indication for nuclear excitation.

In the following we present three proposals to use the EB process for an enhanced precision in the
energy determination of the 229mTh isomer and also as a means of efficient nuclear excitation. First, we
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Figure 29. Simplified scheme of the EB excitation mechanism in Th35+ . The electronic shell (left) initially in an excited state Ei is
promoted by a laser photon to a virtual state (dashed line), which decays to a lower-lying real state Ef by transferring its energy to
the nucleus (right). The latter undergoes the transition from the ground to the isomeric state (right). Electronic states are labelled
by energy and angular momentum J. Reproduced from [147]. CC BY 4.0. © The Author(s), 2020.

review the prospects to use a laser-induced electronic bridge (LIEB) scheme for a stimulated decay of the
nuclear isomer, with the possibility to precisely determine the nuclear transition energy [146]. While LIEB
is not a nuclear excitation but a decay mechanism, it can lead to a refinement of our knowledge of the
isomer energy as an additional approach to the ones discussed in section 3.1.1. Second, we present an EB
excitation scheme making use of highly charged ions which have a more advantageous level scheme as
compared to the already investigated EB schemes in Th+, Th2+ and Th3+ ions [147]. Finally, we discuss the
possibility to use the EB mechanism in Th-doped VUV-transparent crystals such as CaF2 [148].

3.2.5.1. LIEB Nuclear de-excitation by LIEB can have a much faster rate than the radiative decay of the
nucleus. LIEB is a version of EB process in which the additional photon is not emitted, but absorbed by the
electronic shell from an externally applied laser field. The process is thus equivalent to the excitation of the
electronic shell with two photons, one of which is provided by the laser source and the other one from the
nuclear de-excitation [146]. A schematic illustration of the process is presented in figure 28. For the case of
Th3+ it has been shown that the nuclear decay in the LIEB process is four orders of magnitude faster than
the radiative decay for the presently accepted value (combined from the two presently most precise
measurements) of the isomer energy of 8.19(12) eV [68, 69]. This in turn could be used for a more precise
determination of the isomer energy.

The LIEB scheme requires production and trapping of 229mTh in the 3+ ionization state and the
excitation of the electronic shell to the 7s initial state. Population of the isomer could be reached for
instance by the 2% population channel in the α-decay of 233U. The electronic shell can be efficiently
transferred from the ground state to the 7s state making use of the stimulated Raman adiabatic passage
(STIRAP) method [149]. Once reached, the 7s state has a long lifetime of 0.5 s allowing for the application
of the LIEB scheme. Upon interaction with the tunable optical or ultra-violet laser, the isomeric state which
otherwise has a long radiative lifetime of approx 104 s may decay via the LIEB process. Population and
radiative decay of the upper electronic orbitals 8p or 9p could be observed by detection of fluorescence
photons. The decay of these states occurs with emission of photons with energies in the range 15–20 eV,
which could be easily differentiated from the laser photons used for excitation. The nuclear isomer energy
EI can be found via scanning with a tunable laser for an LIEB resonance, i.e., for the population and decay
of the upper state, and finally determined with a precision typical for laser spectroscopy.

3.2.5.2. EB in highly charged ions EB schemes for excitation and decay have been investigated for Th+

[143], Th2+ [6], Th3+ [142, 146], and recently also for 235U7+ [150]. A different idea to use highly charged
ions for the EB excitation of 229Th has been proposed in [147]. Highly charged ions have a number of
advantages compared to the low charge states previously investigated. On the one hand, when interacting
with a laser, higher intensities can be used, since multiphoton ionization is not relevant. On the other hand,
ion configurations with open d and f shells have a large variety of M1 transitions to match the isomeric
transition. Based on these promising advantages, [147] has investigated EB schemes in Th35+ ions. The
particular level scheme is presented in figure 29.

The Th35+ ion has an electronic configuration [Kr]4d104f 9. Provided that the isomer energy has a value
within the determined 1σ uncertainty range EI = 8.19(12) eV [68, 69], a standard tunable UV laser could
be used to excite the nuclear isomer via EB as shown in figure 29. The required excited initial electronic
state can be quite efficiently populated in steady state by using highly charged ions produced in an electron
beam ion trap [151]. The EB excitation would at the same time allow for the determination of the energy EI
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Figure 30. EB process for the excitation of 229mTh from the ground state g to the isomeric state m (right). The EB excitation can
occur either spontaneously (left) or by stimulated absorption or emission (middle graphs) Reproduced from [148]. CC BY 4.0. ©
The Author(s), 2020.

with a precision of 10−5 eV. Eventually, a successful EB scheme in Th35+ should provide more efficient
isomer excitation than direct VUV laser photoexcitation. Combined with suitable narrow-line electronic
transitions with very low sensitivity to external perturbations (as expected in highly charged ions), this type
of bridge mechanism could then potentially be used for the operation of a future nuclear clock.

3.2.5.3. EB in thorium-doped crystals Rather than employing trapped ions, a more exotic version of EB can
be applied in VUV-transparent crystals which have been doped with 229Th. For instance, CaF2 has a
confirmed band gap of 11–12 eV [152]. When doped with Th nuclei, a set of electronic defect states appear
in the crystal band gap at energies close to the nuclear transition energy. What at first sight is rather a
nuisance, can be used for an EB excitation scheme of the nuclear isomer [148]. The defect states provide a
starting point for nuclear excitation via EB mechanisms involving stimulated emission or absorption using
an optical laser.

A schematic illustration of the envisaged EB mechanism in Th-doped crystals is presented in figure 30.
The initially populated electronic defect states d lie in the crystal band gap (between the ground state o and
the conduction band c). At present, the defect states are only approximately known from theoretical
predictions of density functional theory [153] and their exact energy might lie above or below the isomer
energy. In this case, the EB process occurs either spontaneously or assisted by an optical laser in the
stimulated or absorption schemes, proceeding via a virtual electronic state.

The rates of these processes calculated in [148] are at least 2 orders of magnitude larger than direct
photoexcitation of the isomeric state using available light sources. This highlights the advantages of the
crystal-EB approach. First, it exploits the electronic states of the crystal defects previously viewed as a
nuisance, and second, it reduces the requirements on the VUV radiation to efficiently excite the isomer. In
addition, the nuclear isomer population can also undergo quenching when triggered by the reverse
mechanism, leading to a fast and controlled decay via the electronic shell. These findings are relevant for a
possible solid-state nuclear clock based on the 229mTh isomeric transition.

3.3. Precision spectroscopy, clock operation, and fundamental tests
Investigations planned within the ‘ThoriumNuclearClock’ project will perform high-resolution, precision
laser spectroscopy of the nuclear transition, converging to nuclear clock operation and first frequency
comparisons between a nuclear clock and state-of-the-art atomic clocks, including primary Cs clocks for an
absolute frequency measurement and trapped-ion optical clocks with Yb+ as a test case for fundamental
physics tests. Due to the potentially extremely high sensitivity of the nuclear clock to the variation of the
fine-structure constant α, at the level of K ∼ 105, a clock-comparison experiment of the nuclear clock with
any other atomic clock at the 10−15 uncertainty level, carried out in the span of one year will surpass several
present limits by several orders of magnitude and have exceptional new physics discovery potential (see
section 4). Envisaged availability in this phase of the experimental efforts of three operational nuclear clocks
at TU Wien, PTB, and LMU Munich will result in unparalleled capability for testing fundamental new
physics.

Using a single mode of harmonic radiation from a frequency stabilized femtosecond laser, a resolution
around 1 kHz in the VUV is targeted. Since all systematic frequency shifts are expected to be much smaller,
the obtainable uncertainty will be limited by statistics only. Two newly developed VUV frequency comb
systems will be employed, to be located at LMU and constructed at TU Wien (see sections 3.2.3 and 3.2.4).
The latter is designed to be transportable for experiments at PTB. All frequency measurements at LMU
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Munich and TU Wien will be referenced to local microwave oscillators that will be compared to the primary
standards at PTB using time transfer via the global navigation satellite systems GPS and Galileo. Ultimately,
long-term measurement series for clock comparisons (intra-nuclear and nuclear-optical) are foreseen. Also,
a transportable single-ion optical clock based on Yb+ developed at PTB in the framework of the Opticlock
project will be operational, and may be employed for precision frequency comparison campaigns at LMU
and TU Wien.

3.3.1. High precision laser spectroscopy of229Th3+ and implementation of clock operation

The highest spectroscopic resolution and lowest systematic uncertainty are expected from laser-cooled 229Th
ions in RF ion traps. The experimental methods have been refined and tested extensively on forbidden
transitions in the electron shell [3] and are the basis of the presently most precise optical clock [4]. The
clock ion of interest is laser cooled, either directly by driving one of its electronic resonance transitions or
sympathetically by trapping it together with a coolant ion that provides such a transition if it does not exist
in the clock ion. Both species are coupled by the Coulomb interaction and form a Coulomb crystal typically
at a mK temperature. The fluorescence signal emitted on the cooling transition is strong enough to detect
the presence, the state of motion and the internal state of a single ion. The narrow reference transition of
the clock ion is then probed with radiation from the clock laser, and the outcome of the excitation attempt
is measured again in the fluorescence signal induced by the cooling laser. In the case of a single ion, its
excitation into the upper, metastable level of the clock transition will prevent the scattering of fluorescence
as long as the electron is ‘shelved’. In the case of sympathetic cooling, a quantum-logic readout scheme can
be applied to transfer the internal state of the clock ion to the common vibrational mode and to the
fluorescence of the coolant ion [4].

The combination of laser cooling and ion trapping provides ideal conditions for precision spectroscopy
in eliminating line broadening and frequency shifts from the Doppler effect. Already for electronic
transitions, the influence of the trapping potential on transition frequencies can be very well controlled, and
this carries forward even more favorably for the nuclear transition. Th3+ has been identified as the most
suitable charge state because of its simple electronic level structure with one valence electron, that provides
near-IR resonance transitions for laser cooling and fluorescence detection [5]. Direct laser cooling of
229Th3+ is made more difficult by the hyperfine structure that requires several re-pumper laser frequencies
in order to avoid hyperfine pumping into dark sublevels of the ground state. Sympathetic laser cooling by
co-trapped 232Th3+ has been demonstrated [59] and lighter ions like 88Sr+ may provide a convenient
alternative with similar charge-to-mass ratio. An experimental difficulty arises from the strong chemical
reactivity of trapped Th ions with molecules of the residual gas. This leads to the formation of molecular
ions on time scales of seconds or minutes, unless extremely clean vacuum conditions are achieved. In Th+

the problem could be solved by photo dissociation with UV laser light [154], but in Th3+ the molecule
formation proceeds via charge exchange to the 2+ charge state [155], making it impossible to recover the
Th3+ ion in a single step.

The most complete elimination of field-induced frequency shifts is possible in electronic levels with
selected angular momentum quantum numbers that provide either a highly symmetric electronic wave
function (J = 0 or 1/2) or a decoupling of electronic and nuclear moments. This has been theoretically
analysed for Th3+ and the two options that have been identified are the use of the metastable 7s 2S1/2 state
[5] or of stretched states (F = |mF| = I + J = 5) of the 5f 2F5/2 ground state [156]. A drawback of the first
option is the limited lifetime of the state of only 0.5 s [157], that would limit the interaction time and
consequently the linewidth of the nuclear laser excitation. In the stretched states, the non-zero value of mF

leads to a linear Zeeman effect that has to be cancelled by averaging over symmetric Zeeman components
originating from ±m states. The remaining uncertainty contributions, assumed to be controllable below
1 × 10−18, are predominantly those that are due to the quadratic Doppler effect from residual motion of the
ion [156], a relativistic effect that does not distinguish between electronic and nuclear transitions.

Operation of the clock would follow the protocols that are used in atomic optical clocks with single
trapped ions: the ion is cooled and initialized in the ground state, the reference transition is driven with a
single (Rabi) or multiple (Ramsey) pulses of the clock laser, and the outcome of the excitation attempt is
probed. State detection can be performed by sequentially applying two laser beams on an electronic
resonance transition, one in resonance with a hyperfine component of the nuclear ground state, the other
with one of the isomer. Applying these lasers for a period during which several (e.g. >1000) fluorescence
photons can be detected from the ion, would allow one to unambiguously determine the nuclear state [5].
In operation as a single-ion clock the relative frequency instability (Allan deviation) would be in the range
1 × 10−16 (τ /s)−1/2, for an averaging time τ . Averaging the statistical uncertainty down to 1 × 10−19 would
require 106 s. Since the Coulomb interaction between the ions has no significant effect on the nuclear
resonance frequency, the 229Th3+ nuclear clock is perfectly suited for the application of the multi-ion
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concept [158]. Performing the described interrogation sequence with N trapped ions in parallel and with
individually resolved state detection on a photon counting camera would reduce the required averaging
time for reaching a given target uncertainty by a factor of N.

3.3.2. Solid-state-clock operation and performance
As already pointed out by Peik and Tamm in 2003, the weak coupling of the 229Th clock transition to
external fields allows to envision a ‘solid-state nuclear clock’, where the 229Th ions would be embedded into
a transparent host material [5]. As the expected isomer excitation energy shifted into the VUV over the
years (see figure 13), finding materials with suitable transparency became more challenging, converging on
the family of fluoride single crystals [89, 105–107].

The interaction between fields generated by a crystal lattice and the 229Th nuclear moments leads to the
appearance of level shifts (homogeneous and inhomogeneous) and splittings, in analogy to the hyperfine
structure [89, 159]. In an ionic crystal, where all electrons are paired, fine structure is absent. These shifts
and splittings are characteristic for a specific nucleus-host-crystal-system and even within a given system,
several sets of spectral configurations may occur, connected to different microscopic defect configurations.

The dominating shift of the nuclear transition frequency (compared to the bare nucleus in vacuum) is
the isomer shift (electric monopole shift) that arises from contact interaction between the electron cloud
and the finite volume of the nucleus [160]. Extrapolating from similar systems (e.g., 151Eu2+) studied in
Mössbauer spectroscopy, the isomer shift is expected on the GHz scale for different charge-compensation
configurations. The 2nd order Doppler effect is significantly reduced due to the tight binding of the nuclei
inside the crystal matrix. At liquid nitrogen temperatures, both the 2nd order Doppler shift and the
associated inhomogeneous broadening are well below 100 Hz.

The dominating inhomogeneous broadening mechanism of nuclear lines in a fluoride crystal emerges
from the magnetic dipole interaction with fluctuating fields of the surrounding fluorine nuclei, it amounts
to few kHz [159]. The nuclear quadrupole interaction with EFG leads to the emergence of a nuclear
quadrupole structure as already discussed in section 3.1.4. The level splittings are expected within
50–500 MHz and predominantly reflect the local EFG at the position of the nucleus.

We expect that direct laser spectroscopy of the 229Th nuclear transition will proceed over the next years
(see figure 21). With progressing spectroscopic resolution, the various crystal effects will become apparent:
isomer shift at GHz resolution, quadrupole structure at MHz resolution, magnetic dipole shifts and
broadenings at the kHz level.

The above-mentioned broadenings, in particular due to magnetic dipole interactions with the
un-ordered surrounding nuclear moments, will cause a rapid decoherence (timescale ms) and render the
commonly used Rabi/Ramsey schemes impossible in the operation of a thorium solid-state clock. In other
words, the relaxation time and the coherence time differ by many orders of magnitude. Nuclear clock
operation will hence have to rely on laser stabilization via fluorescence (or absorption) spectroscopy, the
achievable performance has been estimated in [159]. It crucially relies on the ratio of excitation rate R to
(yet unknown) decay rate γ and hence on the available power of the interrogation laser. For R = γ,
assuming γ ≈ 105 s−1 and 1014 interrogated nuclei, one might reach 10−19 fractional clock instability after
104 s of averaging time. The estimate however neglects all possible technical constraints such as the
short-term (in)stability of the interrogation laser. Note that the performance might increase if the nuclear
excitation can be quenched via available electronic states, as discussed in [148], see section 3.2.5.3 above.

4. Tests of fundamental physics and dark matter searches

4.1. Enhanced sensitivity of a nuclear clock to the variation of fundamental constants
If fundamental constants of nature, such as the fine-structure constant α, change with space or time, so will
atomic and nuclear energy levels, and, consequently, clock frequencies. Violation of local Lorentz invariance
can also source changes in clock frequencies [161, 162]. Many theories beyond the standard model (BSM)
of particle physics lead to such variation of fundamental constants and violations of fundamental
symmetries [163, 164]. The gravitational potential on Earth oscillates with a period of 1 year due to the
ellipticity of Earth’s orbit. Therefore, looking for variation of clock frequency ratio during the year also tests
the Einstein equivalence principle (see section II.I of [165]).

A variety of precision experiments with atomic clocks have been performed in search for new physics
[165], looking for variations of ratios or differences of two transition frequencies over time or space, since
the clocks based on different systems have different sensitivities to these effects. If technical and
environmental (SM) perturbations can be excluded as their cause, any spacetime-dependent variation of
clock frequency ratios would be an unambiguous signal of new physics. These studies are often on the work
plan of metrology institutes as tests of the performance and reliability of newly developed clocks. In the
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development of optical clocks, we see the scientifically fertile situation that different systems, using a variety
of elements and experimental methods are developed and are reaching competitive levels of accuracy. With
different sensitivities to specific effects of new physics, meaningful comparisons can be made between a
system of high sensitivity and a stable reference or ‘anchor’ of low sensitivity. The 229Th nuclear clock would
be a most interesting addition to the ensemble of clocks used in fundamental tests because it provides a
strongly enhanced sensitivity for variations of fundamental constants and, consequently, for all related
searches for new physics, such as searches for DM described in later sections.

An enhanced sensitivity of the 229Th nuclear transition frequency to changes of the coupling constants
αS of the strong and α of the electromagnetic interaction was first predicted by Flambaum [7, 166], who
pointed out that the near degeneracy of the two nuclear levels must be due to the nearly exact cancelation of
differences in the contributions of different interactions to the two nuclear level energies, each individually
of MeV order (0(MeV)). The sensitivity factors relating a change of the nuclear transition frequency to
changes of α and the strong interaction parameter would be on the order of 105. For comparison, the
sensitivities to the α-variation of almost all of the presently operating atomic clocks are less than 1. The
highest sensitivity of an operating atomic clock to the α-variation is −6, for an electric octupole transition
in the Yb+ ion. While these sensitivities can be calculated with good accuracy for atomic clocks, this is not
the case for a nuclear transition as it requires nuclear rather than atomic computations. For the dependence
on α, the sensitivity of a nuclear clock would be determined by the change in Coulomb energy ΔEC [7]:

1/ν(dν/dt) = (ΔEC/EI)(1/α)(dα/dt).

Based on the reasoning that the nuclear excitation involves only the outer unpaired neutron, leaving the
core proton distribution essentially unchanged, it was countered that ΔEC could be much smaller than
0(MeV) [167]. It was then pointed out that the Coulomb energy difference is experimentally accessible in
measurements of the hyperfine structure [166]. Modelling the nucleus as a uniform, hard-edged prolate
ellipsoid, the change in Coulomb energy can be expressed in terms of the changes in rms charge radius 〈r2〉
and intrinsic electric quadrupole moment Q0:

ΔEC = −485MeV ((〈r2〉229m/〈r2〉229) − 1 ) + 11.6MeV((Q0
m/Q0

m) − 1)

These quantities have been measured in hyperfine spectroscopy of the isomer [77] (see section 2) and
yield the result

ΔEC = −0.29(43)MeV.

With this data, a value ΔEC < 10 keV cannot be excluded with certainty, but is very unlikely, so that it can
be safely stated that the α-sensitivity of the 229Th nuclear transition is significantly higher than in present
optical atomic clocks. Looking separately at the contributions to ΔEC from the rms radius change:
−0.16(3) MeV and from the change in electric quadrupole moment: −0.13(40) MeV shows that an
improvement in the uncertainty of the isomer’s electric quadrupole moment by a factor of 20 will resolve
the issue, and is within the scope of the planned experiments (see section 3.1.3). Recently, the α-sensitivity
K = −0.9(3) × 104 has been evaluated with lower uncertainty, excluding the region K = 0, based on the
available experimental data together with nuclear models that include a relation between the change of the
charge radius and that of the electric quadrupole moment [168]. The influence of the nuclear octupole
deformation has also been considered and was shown to be small.

The enhanced sensitivity of the 229Th nuclear transition frequency to the value of the fine structure
constant translates into an enhanced sensitivity in all searches for additional couplings of α, like to the
gravitational field or DM. A significant enhancement is also predicted for effects that violate local Lorentz
invariance in the hadron sector, because the nuclear kinetic energy scale (MeV) is very large in comparison
to the 8 eV nuclear transition energy [162].

It may also be noted that the established Cs and Rb atomic clocks provide sensitivity to a nuclear
property, the nuclear magnetic moment [169], but without the sensitivity enhancement that is specific for
the 229Th nuclear transition. With the strong, many orders of magnitude, enhancement of the sensitivity,
the nuclear clock could play the important role of a pathfinder that provides first indications of new
physics.

4.2. Dark matter searches with a nuclear clock
Until about 5 years ago, the atomic clock investigations for the variation of the fundamental constants
focussed on searching for the ‘slow-drift’ variation [111, 165]. In such experiments, the ratio of the
frequencies of two clocks was monitored over a period of time. As it was pointed out above, such
comparisons are also needed for metrology, to ensure long-term clock stability and validate the clock
uncertainty budgets. In the case of microwave clocks, such comparisons go back for over a decade [170].
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These tests were initially motivated by the controversial astrophysical result that observed α-variations with
several sigma in studies of quasar-absorption spectra (see chapter II.H of [165] for a brief review), in
addition to many BSM theories predicting varying constants.

It was recently shown that DM could source the variation of fundamental constants [171–173],
providing new, very strong motivation for clock-comparison experiments. There is overwhelming
observational evidence for the apparent existence of DM that is observed only via its gravitational
interactions [174]. This mystery dates back to the 1930s [175] and is confirmed by numerous studies of
astronomical objects at various scales, which show that the particles of the SM make up only about 16% of
the total matter present in our Universe [176]. Despite decades of investigations, we have not identified the
nature of DM. The difficulty in directly detecting the DM lies in the vast parameter space—we neither
know the mass of the DM particles nor the strength of their non-gravitational interaction with the SM.
However, unlike some other BSM searches, we have a definitive quantity that we do actually know about
this ‘new physics’—a DM energy density in our Galaxy is ρDM ≈ 0.3–0.4 GeV cm−3, corresponding to one
hydrogen atom per a few cubic cm. A huge DM halo extends far outside of the visible galactic disk [177].
This is why the total DM mass in our Galaxy so much exceeds the ‘normal matter’ mass. Note that the
actual DM mass in the Solar System is small, explaining why we so far did not see any DM effect on the
motion of objects in a Solar System. Lunar ranging experiments set a limit on a maximum DM mass within
the moon orbit [178].

The mass of the DM particles is unknown, and it is bound by about 10−22 eV on the light side [179] and
by the Planck mass on the heavy side (anything heavier would be a black hole). The ‘light’ side limit
assumes that a single particle type is responsible for a large fraction of DM and can be lowered in certain
models. DM with mass less than ∼1 eV is generally referred to as ‘ultralight’. It has to be bosonic since the
Fermi velocity for fermionic DM with mass < 10 eV is higher than our Galaxy escape velocity [180]. Such
light scalar fields arise in many BSM theories.

Various DM scenarios have been proposed that are potentially detectible with clocks. We note that
clocks are sensitive to a broad range of ultralight scalar particles, which do not necessarily have to be a
significant DM component, avoiding the lower mass limit above.

4.2.1. Oscillatory signals
Light DM particles have large mode occupation numbers, and their phenomenology is described by a
classical field [172]. Optical clocks and other precision measurement techniques are well suited for detecting
such DM candidates that act as coherent entities on the scale of individual detectors or networks of
detectors. Optical clocks are sensitive to ultralight scalar DM that can be described as a field oscillating at
the Compton frequency of the DM particles [172]. The coupling of such an oscillating field to the SM leads
to an oscillation of fundamental constants, such as the fine-structure constant α and, therefore, atomic and
nuclear energies. These result in the oscillation of clock frequencies leading to persistent time-varying
signals that may be detected by monitoring ratios of clock frequencies. Previous searches for the slow-drift
α-variation with Dy and Rb/Cs clocks were re-analyzed in terms of DM limits in [181, 182]. A method to
search for fast oscillations of fundamental constants using atomic spectroscopy in caesium vapour was
reported in [183], demonstrating sensitivities to higher DM masses in the range from 8 × 10−11 to
4 × 10−7 eV.

The frequency of a resonant mode of an ultrastable crystalline silicon optical cavity is also sensitive to
the variation of the fundamental constants. This sensitivity is directly traceable to the Bohr radius: the
cavity spacer length is proportional to the silicon crystal lattice constant [184]. Therefore, such ultrastable
cavities are also suitable for the clock-cavity DM searches. New frequency comparisons between a
state-of-the-art strontium optical lattice clock, a cryogenic crystalline silicon cavity, and a hydrogen maser
set new bounds on the coupling of ultralight DM to SM particles and fields in the mass range of 10−16 to
10−21 eV [184].

Very high sensitivity of a nuclear clock to the variation of α directly translates into a high sensitivity to
oscillating effects as well as transient effects sourced by ultralight scalar DM. Therefore, the nuclear clock is
expected to probe DM with sensitivity potentially exceeding present limits by many orders of magnitude.
Moreover, the nuclear clock is also sensitive to the changes in fundamental constants other than α, i.e.,
related to the strong interaction. This means that a nuclear clock is sensitive to DM coupling to the nuclear
rather than just to the electromagnetic sector of the SM [7], leading to sensitivities to different DM–SM
couplings, increasing the discovery potential further.

4.2.2. Transient signals
If the DM contains some self-interaction, it may form potentially large-scale clumps (such as topological
defects), leading to transient changes in the fundamental constants [171, 173].
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If the DM fields have non-gravitational interactions with SM fields, encounters between such objects
and precision measurement devices may induce observable transient signatures in clock-comparison and
clock-cavity comparison data as the Earth moves through the galactic DM halo [171, 173].

Such DM can manifest, for example, as ‘glitches’ in atomic clock networks, either in space onboard
satellites of the GPS clocks or on Earth. Both GPS [185] and ground-based clocks [186–188] have been used
for such searches. As a network of clocks is swept by such extended (potentially Earth-size) DM objects at
galactic velocities, the clocks will become desynchronized due to transient DM, but then will recover
synchronization. The characteristic velocity here is the velocity with which Sun orbits the centre of the
Milky Way Galaxy and, therefore, moves through the DM halo, at about 230 km s−1. A network of clocks
(as opposed to a single clock) distinguishes a transient frequency variation due to DM from one caused by
terrestrial sources. Specifically, time delays between signals appearing across the clock network must be
consistent with the passing of a DM transient object, taking about a minute to sweep the Earth diameter.
Moreover, the use of clocks with different sensitivities to the α-variation allows additional rejection of false
positives based on known sensitivities of different clocks. New limits on such transient DM have been
recently reported by [188] using a European network of fiber-linked optical atomic clocks. Reference [188]
considered the time-scales of over 60 s, where transient DM would manifest as a simultaneous signal visible
in all data streams.

Stadnik [189] recently pointed out that one generally cannot neglect the back action of ambient matter
on the scalar field in models with scalar-field topological defects with quadratic φ2 interactions (such as
considered in [171, 185–188]). As a result, the scalar field with such interactions can be screened [189] near
the surface of and inside Earth, by Earth’s atmosphere, or inside an apparatus or satellite affecting clock-
and cavity-based searches for transient variations of the fundamental constants induced by the passage of
domain walls. However, the back-action effects also make the scalar-field amplitude dependent on the local
matter density leading to the dependence of the fundamental constants on the environment in which
measurements are performed and spatial variations of the fundamental constants in the vicinity of a dense
body such as Earth due to the formation of a bubblelike defect structure surrounding the dense body [189].
The resulting non-transient signatures produce stronger bounds on domain walls with φ2 interactions then
previous limits [189]. Clock-comparison experiments with nuclear clocks at different heights could further
improves these bounds due to high sensitivity of a nuclear clock to the variation of fundamental constants.

4.2.3. Hierarchy problem, relaxion, and a nuclear clock
Aside from our lack of understanding of the nature of DM, the SM of fundamental interactions and
elementary particles fails to answer a number of other fundamental questions. For example, there is a
matter–antimatter asymmetry problem: a glaring lack of primordial (i.e., produced shortly after the Big
Bang) antimatter in the present-day Universe. Another is a hierarchy (or a fine-tuning or a naturalness)
problem. The hierarchy problem is related to the question as to why the weak force is so much stronger
than the gravitational force. Within the SM, the Higgs boson mass is ultra-sensitive to any form of heavy
new degrees of freedom. Therefore, the large quantum contributions to the square of the Higgs boson mass
generically push it to the largest scale in the problem (for example, Planck mass) unless these are (extremely
precise) fine-tuning cancellations [190].

A number of solutions are proposed to this problem, with variants of supersymmetry being particularly
attractive as the lightest supersymmetric particle also provide a DM candidate that falls into a category of a
‘weakly interactive massive particle’, i.e. a ∼TeV-scale WIMP [191]. Lack of either observation of
supersymmetric particles at the Large Hadron Collider (LHC) or a generic WIMPs over decades of
experiments motivated searches for alternative solutions.

In 2015, a dynamical relaxation was proposed to account for the lightness of the Higgs without invoking
new particles at the TeV scale [192]. The relaxion framework involves an additional new physics field in the
form of an ultralight scalar, relaxion, which dynamically relaxes the Higgs mass with respect to its natural
large value [193]. The relaxion is not accessible to the LHC or other energy-frontier detectors. In addition,
the relaxion makes a viable light DM candidate [194] and can address the baryon asymmetry of the
Universe [195]. A requirement that the relaxion solves a hierarchy problem produces constraints on the
strength of its interaction with the SM particles. Therefore, from the standpoint of the ultralight particle
searches with clocks, the relaxion presents a particularly interesting candidate with a well-defined parameter
space and concrete benchmarks that we have to aim for. The parameter space for the light relaxion and a
projected reach of the nuclear clock was recently studied in [196]. The ability of the nuclear clock to reach
the relaxion parameter space is based on its unique sensitivity to the coupling of new physics to the nuclear
sector of the SM and its large sensitivity.
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5. Conclusion

In this paper we described a route towards a nuclear clock focussing on the planned efforts of the teams
forming the ERC Synergy Grant ‘ThoriumNuclearClock’ consortium. We described the current knowledge
on the properties of the 229mTh nuclear clock transition and planned efforts to advance this knowledge, with
different VUV laser sources for driving the transition, possibly assisted by a bridge process in the electron
shell. We sketched the strategy towards the realization of a thorium nuclear clock with different
experimental schemes, using thorium ions in a Paul trap or implanted in a VUV-transparent crystal. Finally,
we outlined the potential of the nuclear clock for testing fundamental physics, especially the search for time
variation of fundamental constants and the search for DM.
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[21] Guimarães-Filho Z O and Helene O 2005 Phys. Rev. C 71 0 44303
[22] Ruchowska E et al 2006 Phys. Rev. C 73 0 44326
[23] Lias S G 2018 NIST Chemistry WebBook, NIST Standard Reference Database Number 69 ed P J Linstrom and W G Mallard

(National Institute of Standards and Technology) https://webbook.nist.gov/chemistry/10.18434/T4D303
[24] Irwin G M and Kim K H 1997 Phys. Rev. Lett. 79 990
[25] Richardson D S, Benton D M, Evans D E, Griffith J A R and Tungate G 1998 Phys. Rev. Lett. 80 3206
[26] Shaw R W, Young J P, Cooper S P and Webb O F 1999 Phys. Rev. Lett. 82 1109
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