
2.71.7

Application of Atomic Spectroscopy
of Trapped Radioactive Ions in
Nuclear Physics

Ruben P. de Groote

Special Issue
Advances in Ion Trapping of Radioactive Ions

Edited by

Dr. Maxime Brodeur

Article

https://doi.org/10.3390/atoms12120060

https://www.mdpi.com/journal/atoms
https://www.scopus.com/sourceid/21100857388
https://www.mdpi.com/journal/atoms/stats
https://www.mdpi.com/journal/atoms/special_issues/00DH0S1U3I
https://www.mdpi.com
https://doi.org/10.3390/atoms12120060


Citation: de Groote, R.P. Application

of Atomic Spectroscopy of Trapped

Radioactive Ions in Nuclear Physics.

Atoms 2024, 12, 60. https://doi.org/

10.3390/atoms12120060

Academic Editor: Maxime Brodeur

Received: 30 August 2024

Revised: 13 November 2024

Accepted: 19 November 2024

Published: 21 November 2024

Copyright: © 2024 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Application of Atomic Spectroscopy of Trapped Radioactive Ions
in Nuclear Physics

Ruben P. de Groote

Instituut voor Kern-en Stralingsfysica, KU Leuven, B-3001 Leuven, Belgium; ruben.degroote@kuleuven.be

Abstract: A review is given of precision measurements of hyperfine constants and nuclear g-factors
measured with ions confined in ion traps. The nuclear physics observables which can be extracted
from these types of measurements are discussed. The feasibility of future nuclear structure studies
using precision atomic spectroscopy of trapped radioactive atoms, produced with accelerator-driven
approaches, is discussed.
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1. Introductory Concepts

Ion traps have become a ubiquitous tool in modern physics research due to their ability
to confine ions for a long time in a vacuum, which enables high-fidelity manipulation of
their motional and internal state. By combining atom or ion traps with suitable laser systems
and/or radiofrequency fields, highly precise spectroscopy is made possible. In particular,
nuclear g-factors and atomic hyperfine structure can be measured with high accuracy [1],
which informs us on the structure of the underlying nucleus. Recently, progress in atomic
isotope shift measurements has also provided insight into nuclear shape and size [2].
Despite ample demonstration of the small number of ions which are required for such
precision measurements, studies have predominantly been focused on only the study and
manipulation of stable isotopes—indeed, radioactive isotopes have essentially not been
studied. Of the few exceptions, some focus on long-lived isotopes in an offline context [3–6],
though a few online studies of short-lived isotopes (Be [7–9] and Ra [10]) have been
performed. This paper aims to examine the potential and feasibility of future measurements
with trapped, short-lived radioactive ions. To do so, an updated survey of the current
literature and state-of-the-art is performed, building on earlier reviews and reference
texts [1,11–13]. Note that the scope of this paper restricts itself to the study of singly-
charged ions, despite many impressive and interesting measurements using trapped neutral
atoms (even radioactive ones [14–16]), as well as highly charged ions [17]. This survey
provides the background and context to motivate planned experiments with radioactive
isotopes. This paper is thus structured as follows. In Section 1, a brief description of
some essential concepts is given: the operational principles behind Penning and Paul
traps, nuclear- and atomic g-factors, and atomic hyperfine structure. A survey of precision
measurements performed on these effects using ion traps is then presented, highlighting
particular examples in Section 2. Finally, the paper concludes with an outlook towards
future measurements using short-lived atoms.

1.1. Atomic and Nuclear Structure

Atomic nuclei are composed of nucleons, protons and neutrons, which can be thought
of as occupying different nuclear orbitals. The orbital motion of these nucleons, combined
with their intrinsic spin, can impart a net non-zero nuclear spin I and magnetic moments
onto the nucleus. This nuclear spin I is obtained by summing the orbital and spin angular
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momenta of all the nucleons. Due to pairing, all nuclei with an even number of protons
and neutrons have a ground-state total spin of zero and, thus, also no measurable elec-
tromagnetic moments. The shape of the distribution of the protons does not have to be
spherical, and in fact rarely is, which gives rise to non-zero electrical multipole moments.
The presence of these electromagnetic moments gives rise to a perturbation of the ener-
gies of bound electrons, called hyperfine structure. This hyperfine structure is present
for all atomic systems where J, the sum of all angular momenta of the electrons, is larger
than zero.

The energies of the same atomic state are also observed to differ between isotopes of
the same element. This effect is called the isotope shift, and is due in part to the changing
mass of the nucleus, and in part due to the change in the size of the nuclear charge distribu-
tion. Recently, there has been a flurry of activity in precision isotope shift studies, mainly
motivated by searches for physics beyond the standard model. Intriguingly, these searches
have so far provided insight into not just the commonly measured nuclear mean-squared
charge radius δ

〈

r2〉, but also the next radial moment δ
〈

r4〉 [2,18]. Extending such measure-
ments to radioactive isotopes would provide a handle on the surface thickness of nuclear
density [19]. An exploration of perspectives of this new avenue of research is outside of the
scope of this work, which instead focuses on precision hyperfine structure measurements.

1.1.1. Hyperfine Structure

We define the total angular momentum of an atom as F⃗, where F⃗ = I⃗ + J⃗, with J⃗ repre-
senting the total angular momentum of the atomic state. From angular momentum addition
rules, it follows that F can assume values in the range |I − J|, |I − J|+ 1, . . . I + J. Using
first-order perturbation theory, the energy shift of a state with total angular momentum
F due to the hyperfine interaction between the nucleus and electron can then be written
as [20]:

E
(1)
F = ∑

k

Mk(I, J, F)⟨I I|T
(n)
k |I I⟩⟨J J|T

(e)
k |J J⟩, (1)

where

Mk(I, J, F) = (−1)I+J+F






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The hyperfine interaction lifts the degeneracy of the hyperfine levels, with the energy
shifts in this multiple expansion decreasing as the multipole order increases. Defining
K = F(F + 1)− I(I + 1)− J(J + 1), this can be written as follows (truncated at the octupole
(k = 3) term):

E
(1)
F =

AK

2
+ B

3
4

K(K + 1)− I(I + 1)J(J + 1)
(2I(2I − 1)J(2J − 1))

+
5C

4
K3 + 4K2 + 4

5 K(−3I(I + 1)J(J + 1) + I(I + 1) + J(J + 1) + 3)− 4I(I + 1)J(J + 1)
I(I − 1)(2I − 1)J(J − 1)(2J − 1))

(2)

+ D . . . ,
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with hyperfine constants

A = 1
I J ⟨I I|T

(n)
2 |I I⟩⟨J J|T

(e)
1 |J J⟩ =

µI

I J
⟨J J|T

(e)
1 |J J⟩

B = 4⟨I I|T
(n)
2 |I I⟩⟨J J|T

(e)
2 |J J⟩ = 2eQ⟨J J|T

(e)
2 |J J⟩ (3)

C = ⟨I I|T
(n)
3 |I I⟩⟨J J|T

(e)
3 |J J⟩ = −Ω⟨J J|T

(e)
3 |J J⟩.

D = ⟨I I|T
(n)
4 |I I⟩⟨J J|T

(e)
4 |J J⟩ = Π⟨J J|T

(e)
4 |J J⟩.

These latter formulae show how each term in the multipolar expression is the product
of an electronic matrix element and a nuclear moment (µI : magnetic dipole; Q: electric
quadrupole; Ω: magnetic octupole; Π: electric hexadecapole). These moments are the
quantities of interest for nuclear structure studies, while the former can either be calculated,
or extracted by combining hyperfine structure measurements with other independent
measurements of the nuclear moments. Typical orders of magnitude of frequency shifts
due the different multipole orders vary strongly depending on the atomic levels which
are studied. While the dipole and quadrupole contributions are typically in the order
of 100 MHz–GHz, octupolar shifts are usually 1 kHz or less [21]. Accurate extraction of
this moment from hyperfine structure data requires extending the above analysis to the
second-order perturbations (where, again, atomic matrix elements need to be computed or
otherwise determined), which can be of the same order of magnitude or larger [20,21].

In addition to this hyperfine structure, the non-zero magnetic moment of the nucleus
also gives rise to a Zeeman shift when the atom is placed in a magnetic field. The Zeeman
shift of a state with angular momentum F and projection quantum number mF is, in the
low-field limit, given in the first order by

E
(1)
mF

= µBBextmF

(

gJ
F(F + 1)− I(I + 1) + J(J + 1)

2F(F + 1)
+

µN

µB
gI

F(F + 1) + I(I + 1)− J(J + 1)
2F(F + 1)

)

(4)

Typical values are in the order of 10 MHz/mT. The contribution of the nuclear g-factor to
the total Zeeman shift is typically ∼2000 times smaller than the shift due to the magnetic
moment of the electron (due to the larger mass of the nucleons, µN/µB ≈ 1/1837). Thus,
at low fields, high precision (better than kHz) is required to measure the contribution
due to the nucleus. It can thus be advantageous to perform measurements using large
magnetic fields, e.g., those generated in a Penning trap. Note that in this case, the low-field
expression (4) does not hold; for very large fields, it may even be necessary to take into
account mixing with close-lying fine structure levels.

There are additional effects, beyond those of Equations (1) and (4), which may need to
be considered, depending on the precision of the measurements. If there are other electronic
levels sufficiently close by, second-order perturbation theory may need to be invoked to
yield the correct energy shifts due to the hyperfine interaction. Diamagnetic corrections
may also have to be considered, to account for, e.g., changes in the electronic spin density
at the nucleus induced by magnetic fields. As a consequence, measurements performed in
different magnetic fields may not agree unless this diamagnetic effect is taken into account.
Extracting the nuclear moments from the experimental hyperfine constants by taking the
ratio with another isotope with a known moment may also require correcting for the
hyperfine anomaly [22,23]. Conversely, precise measurements of the hyperfine constants
of several atomic levels of a given element provide a way to measure this hyperfine
anomaly, which, in turn, provides information on the distribution of nuclear magnetization
(see, e.g., [16] for an example of such measurements using a Fr atom trap).

1.1.2. Nuclear Moments as Probes for Nuclear Structure

As indicated in Equation (1), measurements of hyperfine intervals provide nuclear-
model-independent access to the underlying nuclear electromagnetic moments (though
they may depend on atomic theory, in case no suitable reference measurement exists to
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calibrate the atomic matrix elements in Equation (1)). The first two terms in the multipole
expansion, the magnetic dipole and the electric quadrupole moment, have been extensively
studied over the decades. These studies span nearly the entire nuclear chart, and are often
performed on long isotopic chains, thanks to the efficiency and versatility of modern laser
spectroscopy techniques in radioactive ion beam laboratories [24]. These two moments
provide rich insight into nuclear structure and serve as good tests for nuclear theory [25,26].
The next moment, the magnetic octupole moment, has only scarcely been studied. This
is mainly due to the small contribution of the magnetic octupole moment to the total
hyperfine shifts. This can be seen in the compiled data provided in tables discussed later in
this paper. The next term, the electric hexadecapole moment, contributes less still and has
yet to be convincingly extracted [27], though plans are underway for Yb+ [28].

1.2. Experimental Tools

1.2.1. Ion Traps

Two types of traps are commonly used to aid in the spectroscopy of charged particles:
Paul traps and Penning traps. More details on their basic principles of operation can be
found in, e.g., [29,30]. Below, we briefly summarize the essentials.

A Paul trap is a type of ion trap that uses dynamic electric fields to confine charged
particles in a three-dimensional region of space. Oscillating electric potentials, sometimes in
combination with static electric fields, are applied to a suitable set of electrodes, creating a
quadrupole electric field that varies in time and space. Many different electrode geometries
have been demonstrated in the literature. The stability of the motion depends on the mass-
to-charge ratio of the particles, the amplitude and frequency of the oscillating potential, and
the geometry of the electrodes. When filled with a buffer gas, typically helium, these devices
can also be used to cool ion beams down to the temperature of the buffer gas. These cooled
beams can then also be released in bunches; the timing structure that is thus imprinted on
the ion beam can then be exploited by experiments placed downstream of the trap.

A Penning trap uses a quadrupole electric field and a homogeneous magnetic field,
rather than oscillating electric fields. The charged particles experience a Lorentz force
from the magnetic field that confines them radially and an electrostatic force from the
electric field that confines them axially. The motion of the particles can be decomposed
into three harmonic modes: the axial mode along the magnetic field, the magnetron
mode perpendicular to the magnetic field and opposite to its direction, and the cyclotron
mode perpendicular to the magnetic field and in its direction. The presence of the large
and homogeneous magnetic field makes Penning traps well suited for measurements of
nuclear g-factors, as will be discussed next. Penning traps have also been used extensively
for precision mass measurements of stable and unstable isotopes [31,32], which provide
valuable information about the nuclear structure of these atoms.

1.2.2. Optical and Optical-Radiofrequency Double Resonance Spectroscopy

The storage of ions inside ion traps enables high-resolution spectroscopy by probing the
state of the ion as, e.g., an optical or rf field is tuned. For all examples of precision hyperfine
structure constants and nuclear g-factors, which are discussed further in this manuscript,
this state detection is achieved through the detection of photons scattered by the ions when
irradiated by a (near-)resonant laser beam driving a strong optical transition. An ion which
scatters photons is called bright, indicating that the state of the ion is one of the states
involved in the laser excitation cycle, while one that does not is dark. It is also possible
to map the state of the ion onto a dark state, a technique called electron shelving [33,34].
Other methods of state determination also exist (see, e.g., [35,36]), but are beyond the scope
of this brief overview.

Irrespective of the details of the measurement scheme, fundamentally, the best achiev-
able experimental precision is ‘Fourier-limited’, that is, inversely proportional to the inter-
action time between the probing fields and the ions δν ∼ 1/t. This time is maximized by
trapping the ions in a trap. These long interaction times also enable careful manipulation
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of the internal state of the ion, and, furthermore, enable the scattering and detection of
many photons per ion. This latter point is especially important for the study of radioactive
isotopes: since only a few ions of interest may be available for study, it is a necessity to
have as high an experimental efficiency as possible. In addition to the precision of the
measurement, systematic effects also need to be considered. These will vary depending on
the details of the measurement scheme and the ion trap system; in all cases, one needs to
worry about the external fields (electric and magnetic) which the ion experiences, and to
ensure these are well controlled and stable throughout the measurements.

Extracting the nuclear observables of interest from the measured frequencies requires
additional knowledge. For nuclear g-factors, the value of the external magnetic field needs
to be known at the desired level of accuracy, e.g., through measurements on reference cases
or other forms of co-magnetometry. In order to obtain nuclear moments from measured hy-
perfine constants, one can also take ratios with other isotopes where the moment of interest
is known, assuming a sufficiently accurate reference exists from, e.g., nuclear magnetic reso-
nance methods, or by relying on atomic theory. The latter is required for magnetic octupole
moments, since no reference moments obtained with non-optical methods currently exist.
The accuracy of these theory calculations is not straightforward to estimate, but they are
now, in principle, sufficiently accurate for the simple atomic systems most readily studied
in ion traps [28,37,38].

To reach a Fourier-limited precision, optical spectroscopy using fast dipole-allowed
transitions to excited states with typical lifetimes of only a few ns is not an option, as the
natural width of these states is in the order of a few MHz. Two alternatives are available.
The first is to drive optically forbidden transitions (quadrupole or octupole transitions).
With natural widths of Hz or less, the linewidth is solely determined by three factors:
the distribution of ion velocities (i.e., Doppler broadening); the bandwidth of the laser;
and the interaction time between the lasers and the ions. Assuming the ions are cooled
sufficiently, and a sufficiently stable and narrowband laser is used (e.g., a bandwidth of only
a few tens of times the desired precision), it is the latter contribution which dominates the
linewidth and which thus determines the precision. Establishing such long coherence times
is, however, challenging. Precision measurements of hyperfine structure using optically
forbidden lines are, however, only scarcely reported on.

A second option, used far more often for hyperfine structure studies, relies on laser-
radiofrequency double-resonance techniques. Lasers are still used, but for state preparation
and readout, rather than for spectroscopy. Instead, magnetic dipole transitions within a
hyperfine manifold of a given fine-structure state are driven using radiofrequency photons.
This method is considerably less technologically challenging, and can be traced back to early
in the 20th century [39]. For this reason, it sits at the heart of (hyperfine-based) atomic clocks
and has been used extensively for precision hyperfine structure measurements. Figure 1
provides an illustration of the different steps in a generic laser–double resonance experiment.

First, the ion is prepared in a desired state within the hyperfine or Zeeman manifold of
interest. This can be achieved by using an optical pumping process, as illustrated in Figure 1.
Alternatively, coherent population transfer can be achieved using Raman processes [40], or
by using a dipole-forbidden transition [41] to selectively excite to the desired level. In the
second step, the ion is irradiated by radiofrequency (rf) photons for a well-defined time.
On resonance, these photons will drive the ion into a different state of the manifold. In
the third step, the state of the ion is probed. In Figure 1, an example is given where the
ion is irradiated with the same laser as was used for state preparation—in this case, no
fluorescence will be emitted if the rf transition was successful. Repeating this process for
different rf frequencies and for different initial states enables determination of the hyperfine
intervals. In more sophisticated detection schemes, the state of the ion can also be mapped
onto a dark state, again, using, e.g., an optical pumping process of a coherent transfer.
Some ions can then be made to scatter photons nearly indefinitely. Thus, even a single ion
in the trap at a time can be sufficient for spectroscopy.
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Figure 1. A diagram depicting the basic principles of laser-radiofrequency double resonance spec-
troscopy. By driving a transition from one of the states of the ground-state multiplet, the ion can
be prepared in an initial state (step 1). In step 2, the rf field is applied, which leads to either an
excitation (bottom path), or not (top path). The state of the ion is then read out in the third step, thus
determining whether step 2 succeeded in changing the state of the ion.

1.2.3. Cooling of Trapped Charged Particles

The state preparation and detection steps of a laser–double resonance experiment
both require the ability to selectively drive optical resonance. This can be achieved by
exploiting the selection rules. For example, irradiation of the ion with resonant laser light
with circular polarization along the quantization axis will eventually pump the ion into
states with maximal projection quantum numbers m. When conducting hyperfine structure
measurements, it is usually a requirement that the hyperfine structure can at least partially
be optically resolved. Depending on the size of the hyperfine splittings, this may require
cooling the ions.

Cooling trapped ions can be achieved in a few ways [42]. Ions can be cooled through
collisions with buffer gas. The lowest temperature which can be achieved is limited
by the temperature of the buffer gas. Importantly, this method is universal and can be
applied to cool all species, provided unwanted chemical reactions of the ion of interest
with the buffer gas (impurities) are avoided. Temperatures below room temperature are
not strictly required for precision measurements [43], as evidenced by examples in the
literature [4,27,44]. For most cases, however, resolving the hyperfine structure requires
substantially lower temperatures. Temperatures in the order of mK or less can be achieved
using laser cooling techniques [45]. Further cooling to the ground state of the quantum
harmonic oscillator of the ion trap is also possible using, e.g., resolved sideband cooling [46],
Raman sideband cooling [47], or electromagnetically induced transparency cooling [48,49].
Only a handful of elements can be laser-cooled as singly-charged ions, which is one of the
drawbacks of the method (in particular when compared to buffer gas cooling). A way to
circumvent this issue is to co-trap ion(s) of a different laser-coolable species, which leads to
sympathetic cooling of the ion of interest [50].

2. Precision Atomic Structure Measurements with Ion Traps

Nuclear g-factors can be measured with a variety of methods; in particular, nuclear
magnetic resonance (NMR) techniques are well established. Also noteworthy is the method
of β-NMR, which enables measurements of the nuclear g-factor of short-lived, β-decaying
nuclei. NMR methods rely on embedding the atom of interest in a solid or liquid. In
contrast, the methods which are discussed in detail here confine the ions in a vacuum,
thus eliminating the effects of the potentially perturbing environment of the atom. Table 1
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summarizes measurements of nuclear g-factors obtained with ion trap techniques. Of
particular note are the measurements on Al+ and Ca+ as they were obtained using Paul
traps in comparatively low magnetic fields. This is in contrast to the other measurements,
which used Penning traps. The Al+ measurements are also noteworthy, since the g-factor
was obtained from quantum logic spectroscopy with the electric quadrupole transition
of a sympathetically cooled Al+ ion. This illustrates the potential synergies in the devel-
opments of new optical clocks and nuclear physics-driven studies. Table 1 illustrates the
high accuracy which can be achieved, but also the relatively small number of elements
which have been studied. Furthermore, only one isotope has been studied in a given
isotopic chain. This means that a comparison with, e.g., nuclear theory can only be carried
out on the basis of absolute values rather than relative ones, which renders any deeper
interpretation challenging.

The hyperfine constants obtained with trapped ions are summarized in Table 2; the
table only reports on measurements with laser-rf techniques. Compared to nuclear g-factor
measurements, more isotopes have been studied. In addition to the single-electron He,
the alkaline-earth metals (Be, Mg, Ca, Sr, Ba) and alkaline-earth-like elements (Cd, Hg,
Yb) make up most of the data. This can be understood from their structure: in the singly
charged state, all these elements feature a single valence electron in an s-orbit, with the
other electrons fully filling up the other shells. The simpler atomic structure which comes
with this configuration makes these elements readily laser-coolable and simplifies state
preparation and readout. Before discussing these elements in more detail, we briefly discuss
the three notable exceptions: S, Eu, and Pb.

The measurements on S were performed using negative ions, the only example of this
possibility which is listed in Table 1, which are confined in a Penning trap. The structure of
singly-ionized S (or neutral S for that matter) is not conducive to optical spectroscopy or
precision studies, so the use of a negative ion was required for precision measurements.
State preparation was achieved by exploiting the polarization dependence of the photo-
detachment process (which neutralizes the negative ion). This photo-detachment is also
used in the detection step, after the radiofrequency excitation among hyperfine sub-levels
has taken place: the number of ions remaining in the trap is measured as a function of the
rf frequency.

For Pb, buffer gas cooling provided sufficiently cold ions for state preparation and
readout with an optical magnetic dipole transition. This was possible despite it being a
weak transition, thanks to the long laser–atom interaction time (2 s) afforded by using ion
traps with a long storage time (several weeks). Isotopically pure samples were used.

The Eu measurements report on the most complex atomic structure of Table 2. The
structure of the Eu+ ion features several long-lived metastable states to which the excited
Eu ions can decay. To maintain efficient-state optical pumping, rather than introducing a
complex system of repump lasers, quenching through collisions with the N2 buffer gas is
used to bring the electrons back to the ground state to re-establish the fluorescence. The
hyperfine structure of the ground state of Eu+ is sufficiently large to be resolved even
with room-temperature buffer gas cooling. Also noteworthy is that long-lived radioactive
isotopes of Eu, produced at the ISOLDE laboratory in CERN and then transported to the
ion trap laboratory in Mainz, could also be studied.

Most of the remaining entries in Table 2 report on the ground-state S1/2 hyperfine
A-constant, with sub-Hz ( better than part-per-billion) precision. Note that for (stable) Be,
Mg, Ca, and Ba, there are also very precise nuclear g-factors reported in Table 1. Extending
these measurements of hyperfine constants and g-factors would provide insight into the
evolution of the hyperfine anomaly throughout the nuclear chart. Furthermore, highly precise
measurements of more than one atomic state also enable the extraction of this hyperfine
anomaly, even if no nuclear g-factor is known [51]. This analysis was applied to the Europium
isotopes, the longest chain with high-precision hyperfine constant measurements for five
isotopes. From this analysis, structural features like odd–even staggering behavior, and
deviations from the empirical Moskowitz–Lombardi formula, could be established.
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In addition to ground-state measurements, in the past few years, experimental efforts
were also made to study the hyperfine structure of metastable D3/2,5/2 states of Ba+. Of
interest here is that this provides access to not only the hyperfine A-constant, but also the
B-constant and C-constants. In particular, the hyperfine C-constant, which is proportional
to the nuclear magnetic octupole moment, has only scarcely been measured (see Ref. [21]
for an overview). Thanks to the use of trapped ions, the measurements of the C-constant
on Ba offer by far the highest relative precision to date. These measurements require more
intricate state preparation and readout procedures, which could nevertheless be applied
to other elements with similar electronic structures, e.g., Ca+, Sr+ or Yb+. The feasibility
of studying the 2F0

7/2 state in Yb+ was also investigated [28], though it has not yet been
pursued experimentally.

Few measurements of the magnetic octupole moment exist, and even fewer attempts at
interpreting them through the lens of nuclear theory exist. The simplest possible perspective
is offered by the single-particle shell model prediction, first proposed by Schmidt [52]. These
work, on average, quite well for magnetic dipole moments (when including 60% quenching
of the spin g-factor) [26]. However, as illustrated in Figure 2, this agreement is not observed
for magnetic octupole moments. These theoretical curves were calculated using the single-
particle formulae derived in [20]. In order to construct these curves, estimates of the
single-particle orbit radius

〈

r2〉 are required; these were approximated by the nuclear
mean-squared charge radius

〈

r2〉 taken from [53]. Using the same quenching factor of 0.6,
which works well for magnetic dipole moments, nuclei with a valance configuration where
I = l + s, i.e., where the spin and angular momenta are aligned, have magnetic octupole
moments that are typically smaller than the predictions, whereas for cases with I = l − s,
the opposite is true. Note also that there are very few datapoints for nuclei with an odd
number of neutrons. This provides the motivation for the present paper to investigate how
precision measurements in ion traps can contribute. Note that all alkaline-earth atoms,
which are readily studied with high precision in ion traps, have an even number of protons.
They thus form natural and ideal candidates for higher-order nuclear moment studies.

gs = 0.6 gs,free

Figure 2. The experimental values of the magnetic octupole moment Ω divided by the square of the
nuclear radius, in units of the nuclear magnetons µN , compared to single-particle estimates with an
effective gS-factor (60% quenching). The orange color indicates parallel alignment of the orbital and
spin angular momenta, and the blue color anti-parallel alignment. The left panel shows odd-proton
nuclei; the right panel odd-neutron nuclei. The stars indicate ‘outlier’ values (133Cs and 155Gd)),
which are far larger in size than the quenched single-particle model can account for.
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Table 1. Nuclear g-factors measured in ion traps. Except for 43
20Ca+ and 27

13Al+, all were obtained using
Penning traps. * Only gI/gJ is reported; gI was obtained using gJ = 2.002263(6) [54]. ** The first
uncertainty is due to the uncertainty on the hyperfine splitting from [55], and the second is statistical.

Isotope I gI Ref.

9
4Be+ 3/2 0.823312758(25) * [54]

0.82331294(11) * [56]
25
12Mg+ 5/2 3.419804(27) [57]
27
13Al+ 5/2 3.64067(28) [58]
43
20Ca+ 7/2 −1.315349(9)[4] ** [59]
137

56Ba+ 3/2 0.623876(3) [60]
151

63Eu+ 5/2 1.37734(6) [61]

Table 2. The atomic hyperfine constants measured in ion traps using double-resonance methods. All
measurements were performed in linear Paul traps, except for 9

4Be+ and 25
12Mg+, where a Penning

trap was used. * The hyperfine A and B constants in [41] are not corrected for second-order HFS, and
are thus not included here. The quoted uncertainty on C is purely statistical. ** The first uncertainty
is due to statistical and systematic effects, and the second is the uncertainty in the frequency of the
reference time standard.

Isotope I Atomic State Const. Value (Hz) Ref.
3
2He+ 1/2 S1/2 A 8,665,649,867(10) [62]
7
4Be+ 3/2 S1/2 A −742,772,280(430) [8]
9
4Be+ 3/2 S1/2 A −625,008,837.048(10) [54]

−625,008,837.044(12) [63]
11

4Be+ 3/2 S1/2 A −2,677,302,988.8(72) [9]
25
12Mg+ 5/2 S1/2 A −596,254,376(54) [57]

−596,254,248.7(42) [64]
33
16S– 3/2 2P3/2 A 91,490,000(90,000) [65]

B 26,240,000(230,000) [65]
43
20Ca+ 7/2 S1/2 A −806,402,071.60(8) [55]
87
38Sr+ 9/2 S1/2 A −1,000,473,673(11) [66]

111
48Cd+ 1/2 S1/2 A 14,530,507,349.9(11) [67]

113
48Cd+ 1/2 S1/2 A 15,199,862,858(2) [68]

15,199,862,855.0(2) [69]

15,199,862,854.96(12) [67]

15,199,862,855.02799(27) [70]
131

56Ba+ 1/2 S1/2 A 9,107,913,698.97(50) [3]
133
56Ba+ 1/2 S1/2 A 9,925,453,554.59(10) [3]

135
56Ba+ 3/2 S1/2 A 3,591,670,117.45(29) [71]

137
56Ba+ 3/2 S1/2 A 4,018,870,833.85(18) [72]

D3/2 A 189,731,101(17) [37]

B 44,536,612(34) [37]

C 36.546(86) [37]

36.91(36) [41] *

D5/2 A −12,029,234(11) [40]

B 59,525,520(110) [40]

C −12.41(77) [40]
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Table 2. Cont.

Isotope I Atomic State Const. Value (Hz) Ref.
148
63Eu+ 5 9S4 A 517,281,950(150) [4]

B 2,292,630(1000) [4]
7S3 A −561,647,000(100,000) [44]

149
63Eu+ 5/2 9S4 A 1,585,450,570(250) [4]

B 534,850(1900) [4]
150
63Eu+ 5 9S4 A 599,010,680(40) [4]

B −839,730(3000) [4]
7S3 A −650,334,000(2000) [44]

151
63Eu+ 5/2 9S4 A 1,540,297,394(13) [27]

B −660,862(231) [27]

C 26(23) [27]

D −6(5) [27]
7S3 A −1,672,457,109(266) [44]

153
63Eu+ 5/2 9S4 A 684,565,993(9) [27]

B −1,752,868(84) [27]

C 3(7) [27]

D −5(2) [27]
7S3 A −743,183,577(82) [44]

171
70Yb+ 1/2 S1/2 A 12,642,812,118.466(2) [73]

12,642,812,118.471(9) [74]

12,642,812,118.4682(4) [75]
173

70Yb+ 5/2 S1/2 A 3,497,240,079.85(3) [76]
199
80Hg+ 1/2 S1/2 A 40,507,347,997.8(10) [77]

40,507,347,996.9(3) [78]

40,507,347,996.8(1) [78]

40,507,347,996.84159(14)[41] ** [79]
207

82Pb+ 1/2 P1/2 A 12,968,180,601.61(22) [80]

3. Perspectives for Nuclear Structure Studies with Trapped Radioactive Ions

Radioactive Ion Beam Production

Extending the high-precision hyperfine structure measurements on the elements which
are predominantly featured in the data in Tables 1 and 2 to radioactive isotopes would
significantly improve our knowledge of hyperfine anomalies and higher-order nuclear
moments. Furthermore, the study of long isotopic chains would bring insight into how
this nuclear moment evolves as, e.g., nuclear shell closures are crossed (N = 20, 28 for
Ca, N = 50 for Sr, N = 82 for Ba), or how they are affected by nuclear deformation, be it
quadrupole deformation (prominently present in the isotopic chains of Yb, Sr, and Ba) or
even octupole deformation (present in neutron-rich isotopes of Ba and in Ra). All of this
would provide a rich testing ground for nuclear theory.

In order to plan out the experimental requirements for future experiments, it is in-
structive to examine the typical production mechanisms and the associated radioactive
isotope production rates in current-day radioactive ion beam (RIB) laboratories. In prin-
ciple, all currently operational RIB laboratories (alphabetically: CARIBU inm Argonne
(US), NSCL/FRIB (US), GANIL (France), GSI/FAIR (Germany), the Accelerator laboratory
in Jyväskylä (Finland), ISOLDE in CERN (Switzerland), JINR (Russia), RIKEN (Japan),
TRIUMF (Canada)) and planned laboratories (ISOL@Myrrha (Belgium), SPES (Italy), . . . ) al-
ready have or could develop the means to perform precision spectroscopy on trapped ions.

While the details vary from facility to facility, all rely on impinging an energetic
particle, e.g., a fast ion beam (energies of a few 10 MeV per nucleon, or even as high as
1.4 GeV), onto a suitable target. This induces a nuclear reaction (e.g., fusion evaporation,
fission, spallation, . . . ), which leads to the production of radioactive isotopes. Differing
facilities will then have distinct ways of bringing the reaction products from the interaction
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site to the user. Many laboratories have developed the ability to deliver beams with
moderate energies of a few 10s of keV. At 30 keV, a nucleus with a mass of 100 mass units
thus travels at a speed of 0.25 m/µs. This high velocity is required for efficient ion beam
transport, and is also required for mass selection using the large dipole magnet systems
in use at many facilities. This immediately implies that a precision trapping experiment
at an RIB facility needs to first decelerate this beam in order to enable efficient trapping.
One method is to implant and re-evaporate the radioactive atoms, as has already been
carried out for long-lived isotopes of Eu [4,44]. This has the advantage of providing atoms
at thermal velocities, which simplifies the next step of trapping and cooling. The downside
lies in the efficiency and timescale of this process, which may prevent the study of rarer
or shorter-lived isotopes. Alternatively, the ion beam can be gradually decelerated before
injection into an ion trap. This trap can then be filled with buffer gas, to slow the ions
down to thermal temperatures, and/or dynamically caught by applying time-dependent
potentials to the trap electrodes [81,82].

The production rates of different radio-isotopes vary strongly depending on the chosen
reaction, target, primary beam intensity and energy, and other details of the RIB extraction
process. Figure 3 shows typical yields which can be delivered to the user, of Ca and
Sr, both alkaline-earth elements, at the Isotope Separator On-Line facility (ISOLDE) in
CERN, Switzerland, and at the Ion Guide Isotope Separator On-line (IGISOL) facility in
Jyväskylä, Finland. In the case of the ISOLDE facility, this figure presents measured yields,
with a uranium carbide target (Ca: A > 46; Sr: A > 87), a Ti target (Ca: A < 46) a Nb
foil target (Sr with A < 88). The data for IGISOL represent empirically scaled estimates
based on TALYS [83] cross sections for Ca (Ca: protons or deuterons impinging on naturally
abundant Ca targets; Sr: protons on enriched Sr targets), or scaled based on empirical fission
cross-section data for Sr. Isotopes with a half-life below 1 s are shown with open symbols.
A correction accounting for the half-lives and the extraction time from the target-ion guide
system was taken into account, which only affects the most neutron-rich Sr isotopes.

Figure 3. The calculated (IGISOL) and measured (ISOLDE) production yields of isotopes in the
calcium (left) and strontium (right) isotopic chains. In all cases, the beam–target combination which
maximized the production rate was chosen. Open symbols indicate isotopes with a half-life below
1 s. More details can be found in the text.

While there can be large differences in the production yields between different facilities,
production rates (significantly) above 10 ions per second can be achieved for a long isotopic
chain at either facility. If trap loading efficiencies of ten percent or more can be achieved,
these production rates are sufficiently high to enable loading at least a few ions into the
trap in one filling cycle, sufficient for a precision measurement. With a one-second half-life,
experimental linewidths in the order of 1 Hz are, in principle, possible, assuming the
trapping and preparation steps can be performed suitably fast; this thus does not impose
strong limitations to the final precision. Shorter half-lives may, however, lead to decay
during, e.g., the cooling or preparation stage. One clear technical requirement of a future
radioactive trapped-ion experiment is thus to optimize the time it takes to fully prepare
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the ion for a measurement, to prevent these losses. Finally, it is interesting to note that
there are still many cases left unmeasured with half-lives of many hours, days, or even
years. Thanks to the non-destructive nature of the measurement techniques outlined above,
experiments could be performed in a ‘parasitic mode’, in parallel with other experiments,
as only occasional filling of the ion trap would be required. This is advantageous, given the
strong competition for access to RIB laboratories.

The general arguments provided in the preceding paragraphs are supported by the
work presented in refs. [7–9]. In this work, after thermalization in a gas-filled stopper cell,
ions were guided into a buffer gas-filled linear ion trap, which cooled them close to room
temperature. Then, the gas flow was stopped so the ions could be further laser-cooled. This
approach offered good trapping efficiencies, and was sufficiently fast to study 11Be, with
a half-life of 13.76 s and a delivered beam intensity of only a few 100 ions/s. A similar
timescale in the order of a few seconds was demonstrated as well using sympathetic cooling
of long-lived Th isotopes, produced with an external ion source [82], albeit not in an ‘online’
experiment at an RIB facility.

In addition to considerations of lifetime and production rate, the purity of the ion
beam should also be carefully considered. This purity can vary widely depending on
the beam–target combination and primary beam energy, but in all cases, the beam will
contain significant fractions of other isobars. When pushing far from stability, the pro-
duction of these isobars can be orders of magnitude more efficient than the production
of the isotopes of interest. Beam purification prior to injection is thus highly desirable.
An interesting option could be to use a Penning trap, both for hyperfine structure spec-
troscopy and for mass purification. Alternatively, a multi-reflection time-of-flight (MR-TOF)
mass spectrometer [84–90] located upstream of the spectroscopy trap may offer the most
convenient solution.

4. Conclusions

This article provided an up-to-date summary of precision measurements of nuclear
g-factors and hyperfine constants performed using ion traps. These atomic constants
can be used to extract nuclear physics observables, e.g., hyperfine anomalies or higher-
order nuclear moments. However, as these measurements are predominantly performed
on stable isotopes only, extracting insight into nuclear structure physics is challenging.
This article therefore also aimed to show that precision measurements on shorter-lived
species, produced in accelerator-based facilities, are technically feasible. Indeed, trapped-
ion precision spectroscopy techniques only require small numbers of ions (typically only
one trapped ion at a given time) and can take place on rather fast timescales. Combined
with the high production rates of many radioactive isotopes and the ability of radioactive
ion beam facilities to provide these ions at room temperature, extended measurements on
long isotopic chains form a promising avenue for new nuclear physics studies. Finally,
the examples provided in this article show that, while alkaline-earth-like atoms are most
conveniently studied with high precision, precision measurements can also be performed
on more complex atoms. All of this combined implies a bright future for nuclear-physics-
motivated studies using precision spectroscopy of radioactive trapped ions.
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