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Abstract: We, the QUARTET Collaboration, propose an experiment to measure the nuclear charge radii
of light elements with up to 20 times higher accuracy. These are essential both for understanding nuclear
physics at low energies, and for experimental and theoretical applications in simple atomic systems.
Such comparisons advance the understanding of bound-state quantum electrodynamics and are useful
for searching for new physics beyond the Standard Model. The energy levels of muonic atoms are
highly susceptible to nuclear structure, especially to the mean square charge radius. The radii of the
lightest nuclei (with the atomic number, Z = 1,2) have been determined with high accuracy using
laser spectroscopy in muonic atoms, while those of medium mass and above were determined using
X-ray spectroscopy with semiconductor detectors. In this communication, we present a new experiment,
aiming to obtain precision measurements of the radii of light nuclei 3 < Z < 10 using single-photon
energy measurements with cryogenic microcalorimeters; a quantum-sensing technology capable of high
efficiency with outstanding resolution for low-energy X-rays.

Keywords: muonic atoms; charge radius; X-ray; metallic magnetic calorimeter (MMC); nuclear
structure; bound-state quantum electrodynamics (QED); simple atomic systems

1. Introduction

Muonic atoms are highly suitable systems for studying the nucleus. Due to the heavy
mass of muons (1, ~ 200 m,, with m, the electron mass), the Bohr radius of muonic atoms
is approximately 200 times smaller than that of electronic atoms, and thus, for low angular
momentum states, the muon wavefunction has a 200° ~ 10° times larger overlap with that
of the nucleus. The nuclear properties thus lead to measurable shifts in the atomic transition
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energies, making muonic atom spectroscopy an effective probe of phenomena such as finite
nuclear size effects [1-7], relativistic QED (quantum electrodynamics) contributions [4,7-9],
and possible short-range interactions carried by new mediators [10-16]. These systems
are particularly well-suited to accurately determining the RMS (root mean squre) nuclear
charge radius (the slope of the Sachs form factor at small momentum transfer, henceforth
called ‘radius’ for brevity), which can be obtained using the spectroscopy of low-lying
radiative transitions (mostly 2P — 1S) [1,17,18]. Indeed, historically, the best measurements
of absolute radii have been obtained using muonic atom spectroscopy, sometimes leading
to unexpected results such as the ‘proton radius puzzle’ [19-25].

The radius is a fundamental property of the nucleus, and knowledge of it is not only
significant in the development of a nuclear structure theory, but also for obtaining a reliable
comparison between the experimental results and theoretical expectations at the accuracy
frontier of Standard Model tests with atoms and nuclei [3]. Accordingly, the radius of the
proton and deuteron are considered fundamental constants, on a similar footing as their
masses [26], with those of heavier nuclei expected to be included in the next CODATA
adjustment of fundamental constants.

In Table 1, we collect the most precise values for the radii of light and stable nuclei. It
is immediately seen that the elements in the most critical need of improved radii are those
with a nuclear charge, Z, just above helium, a region that is currently beyond the reach of
laser spectroscopy, where solid-state detectors are the most unsuitable. Advantageously,
these nuclei are also those whose structure can now be calculated by the most advanced ab
initio nuclear theory methods, as detailed in what follows.

Table 1. Current status of the charge radii, r¢, of light stable nuclei. The method abbreviations
are as follows: “u-Laser’—muonic atoms laser spectroscopy; ‘el. scat."—elastic electron scattering;
"OIS’—optical isotope shift; ‘71" scat.’—elastic positive pion scattering; ’-X’—muonic atom X-ray
spectroscopy. Numbers in the parentheses mark the uncertainty to the preceding digits, which is also

denoted by o;.
re, fm oo 11073 Method References
H 0.84060(39) 0.5 p-Laser [27,28]
2H 2.12775(17) 0.1 OIS + r.(*H) [29,30]
3He 1.97007(94) 0.5 y-Laser [28,31]
“He 1.6786(12) 0.7 u-Laser [28,32]
oLi 2.589(39) 15 el. scat. [33-36]
7Li 2.444(42) 17 OIS + r.(°Li) [36,37]
Be 2.519(32) 13 el. scat. ! [38]
10 2.510(31) 12 OIS + r.(11B) [39]
g 2.411(21) 8.7 't scat. + r.(12C) [40]
e 2.4829(19) 0.8 #-X [41]
1B¢C 2.4628(39) 1.6 u-X [42]

! Estimated using a model-dependent analysis of an electron scattering experiment covering a narrow momentum
transfer range. The same study quotes a radius for 1>C [38], which differs by three standard deviations from
the radius modern value. A systematic uncertainty to this value was added in quadrature to the smaller
experimental uncertainty.

2. Physics Cases
2.1. Nuclear Structure

In contemporary ab initio approaches, nucleon-nucleon and three-nucleon interactions
are derived from chiral effective field theory (EFT) and used to calculate observables in
quantum many-body systems with quantifiable uncertainties [43,44]. Due to a combinatorial
increase in computational cost with mass number, A, high-precision calculations are limited
to A = 16. The next-generation calculations also treats the coupling to the continuum and
what is referred to as “open quantum systems” [45-47], which are crucial for accurately
reproducing the structure of both light and exotic nuclei, especially their spatial extension.
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While nuclear forces are fit for the properties of light, dilute nuclear systems, testing
their ability to predict the properties of A > 4 bound systems (i.e., when nuclear density
achieves saturation but A remains sufficiently low for highly precise calculations) provides
a means to gauge the measurements accuracy. The test allows for an investigation of the
precision of the chiral EFT itself, ultimately challenging the understanding of the strong
force at low energies. Nuclear radii are a particularly interesting testing ground, as they can
be calculated to a high level of precision when the coupling with continuum is included,
and the measurements of absolute charge radii may even be used to obtain, e.g., electric
quadrupole (E2) observables by applying the observed correlations [48].

As an example, we consider the radii of the lithium isotopic chain, whose isotopic
differences relative to °Li were extracted with high precision from optical isotope shift
measurements [36,49,50]. Different ab initio nuclear models have been put forward to
reproduce the results. However, the results cannot distinguish, because of the dominating
uncertainty in the ®Li radius, to which the chain is referenced. The same happens in the
beryllium [51] and boron [39] cases. The corresponding measurement goal is to distinguish
well which model reproduces the measured radii within a few 1073, of its value, which can
be reached at the early stage of an experiment.

A more demanding accuracy is required when considering differential observables,
such as the differences between the radii of mirror nuclei (the nuclei with neutron and
proton numbers being interchanged): Arpir, which are a focus of contemporary studies
of nuclear structure (see e.g., [52-57]). A linear relationship between Ary;, and neutron
skins [58-60], which are particularly complicated to directly measure, has been found.
Measuring Arp;ir can thus contribute to the understanding of the variations in neutron skin
with isospin, while any deviations from a linearity would indicate the role that continuum
degrees of freedom play in exotic nuclei structure evolution. Light mirror pairs such as
7Li-"Be and 8Li-®B possess a large isospin asymmetry and are, hence, well-suited to testing
these theoretical predictions. Differences in radii were measured with the optical isotope
shifts in the Li [36,49,50] and Be [51] chains, while the measurement of B [61] is ongoing.
A need to measure Arp;; accurately enough to not be limited by the reference radii sets a
stringent demand to measure the radii with the accuracy as high as 103 for a stable isotope
of each of the three elements.

2.2. QED and Beyond Standard Model (BSM)

The cases discussed in Section 2.1, are rooted in nuclear physics. Here, we show
that high-precision measurements of the radii are necessary for testing the QED effects at
the frontier of research in atomic physics. There are two main approaches to performing
precision atomic structure calculations. The first is based on a perturbative expansion
with respect to relativistic and QED effects in the Coulomb field, with electron—electron
correlations being treated non-perturbatively. This approach is best adapted for low-Z
systems such as hydrogen and helium. The second approach treats the QED and relativistic
effects of all orders in the Coulomb field. It is needed for high-Z atoms, but loses accuracy
in the low-Z region, where the correlations are more pronounced. The intermediate region,
Z = 6 is particularly interesting, as both approaches have each maximum uncertainty.
There is therefore an interest in studying QED for that light, but not too light, few-electron
systems (see, e.g., [62—-64] and the discussion therein).

Precise nuclear radii are needed to disentangle potentially missing QED contributions
as a function of Z. To illustrate this point, let us consider 235; — 23Pj transitions in
7Li*. Their hyperfine-averaged value was determined to within 0.4 MHz [65]. From
this measurement, the two-electron Lamb shift could be experimentally determined with
1.5MHz precision, dominated by the uncertainty in the nuclear radius. Considering
the ongoing experiments aim to obtain an accuracy of the order of 100 kHz [66], an
order-of-magnitude improvement in the radius would allow for the missing #® (x denotes
the fine structure constant) theory contribution of the order 3MHz, to be determined with
an uncertainty of 10% [64]. Moreover, this effect can be downscaled to the analogous
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transition in the helium atom and to shed light on the observed, and recently confirmed,
deviations between experiment and theory [67,68].

Above lithium, a new experimental program at Technical University Darmstadt, Germany,
focuses on transitions in helium-like ions (HLIs) from beryllium to nitrogen [69-72], with the
measurements in 12C already completed [73,74]. Improved radii are crucial for confronting
the results of the Darmstadt campaign with the state-of-the-art calculations, especially if
one considers using measurements at a high Z to determine the missing QED contributions,
and using these calculations in the measurements with lower Z.

At the accuracy frontier of BSM physics searches, new interactions are hunted through
their manifestation as significant differences between experiment and theory. Currently,
the strongest bound on fifth forcesbetween charged leptons and neutrons derives from a
combination of muonic and electronic isotope shifts in the hydrogen-deuterium pair [13].
When the mediating bosons are heavy, the sensitivity scale is Z3, favoring highly charged
systems [75]. To utilize high-precision measurements of optical isotope shifts in simple
enough electronic systems for BSM tests, one needs to considerably improve muonic
isotope shifts. Accordingly, and as both the nuclear theory and experimental uncertainties
associated with calibration largely cancel in the difference, we consider to measure these
isotope shifts with suitable precision to determine differential radii with an accuracy above
10~3 fm, limited by the residual nuclear theory uncertainty.

We conclude this Section by noting that improved measurements of transitions to the
ground level in a muonic atom directly translate to a better prediction of the muonic atom
Lamb shift, which is accessible to laser spectroscopy. This statement is true irrespective of
the nuclear-structure uncertainty. Quantitatively, a few parts per million measurement of
the 2P — 1S energy in muonic lithium translates to a few-meV prediction of the muonic
lithium Lamb shift. Such a narrow search region greatly reduces the time needed to
conduct a successful high-precision laser spectroscopy measurement, thus increasing the
feasibility of the experiments suggested in Ref. [76]. The resolution afforded by laser
spectroscopy in muonic atoms would, in turn, enable the hyperfine structure to be resolved
and determine the Zemach radius (a convolution of the electric and magnetic distributions)
of lithium isotopes. This determination is highly demanded due to the sharp disagreement
between this value, as calculated by nuclear theory and as determined by the electronic
measurements [77-80]. Moreover, ongoing work suggests that the redundancy between
X-ray and laser measurements in the same muonic species constitutes a powerful platform
to search for new physics carried by new medium-mass (of the order of MeV) bosons.

3. Theory Considerations

The energy of the atomic transition between principle quantum numbers can be
written as
E=Ep+ 5EQED + 6EpNs + OETpPE + - - -, (1)

where Ep is the Dirac energy for a point-like nucleus, 6 Eqgp is the sum of leading quantum
electrodynamics effects, 6 Egng o 72 is the leading order correction due to the finite nuclear
size, from which the charge radius is extracted, and JEtpg is the sum of corrections
stemming from the two-photon exchange, which depends on the nuclear structure, namely
the nuclear polarizability and higher charge moments of the nucleus. At the precision
level that is foreseen for the project considered here, the uncertainty in point-nucleus
QED corrections is negligible [81,82]. Accordingly, once the experimental accuracy of the
transition energies is improved, the uncertainty in d Etpg and higher-order nuclear structure
contributions [29] is expected to dominate the derived radii. Based on the calculations
for the lightest nuclei (see [28] and references therein), preliminary results for 6714 [83]
and the recent studies on heavier systems [84], we estimate that a 5 to 10% uncertainty
in the calculated JEtpg is achievable, resulting in an absolute radii with an accuracy of
the order of a few times 10~#, similar to that for the neighboring nuclei (see Table 1).
Further calculations for the nuclei of interest are in progress. These could be achieved
by applying the no-core shell model [85] with the Lanczos method [86,87]. In addition to
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the calculations, the helpful information on the nuclear shape can, in some cases (notably
12C [88]), be incorporated from elastic electron scattering measurements.

More accurate atomic theory considerations are needed in order to account for the
unresolved fine and hyperfine structure features, mixed finite size and QED corrections, and
shifts from spectator electrons, which screen the nuclear potential seen by the muon [89,90].
Accordingly, we calculated the atomic structure of the targeted systems using the
Multiconfiguration Dirac-Fock General Matrix Elements (MCDFGME) code, which is
able evaluate the energies, transition probabilities, and hyperfine structure for exotic atoms
composed of a nucleus, an arbitrary number of electrons, and an additional fermion or
boson [91-95]. The energies are obtained using a full-atomic wave function composed
of a determinant with all the electrons, multiplied by the muon wave function, and
by solving the full coupled system of differential equations. The electron—electron and
muon—electron interactions are chosen to represent the full Breit operator with Coulomb,
magnetic, and retardation in the Coulomb gauge. Nuclear deformation effects could also be
of importance [96-100]. They are not explicitly included in the atomic structure calculation
and will be evaluated separately for this work.

Based on successful studies in the lightest systems, we are confident that precision
experiments with these heavier muonic atoms will instigate new activity in the relevant
atomic and nuclear theories, potentially contributing to related fields, such as studies with
antiprotonic atoms [101] and highly charged ions [102].

4. Experimental Considerations

The radii of most of the stable nuclei were measured using traditional muonic X-ray
spectroscopy with semiconductor detectors [103]. However, due to their moderate resolving
power (fractional resolution) below 200 keV, compounded with the Z? scaling of the
fractional contribution of the radius to the energy levels, this approach is insufficient to
precisely determine finite-size effects in light nuclei. In contrast with the semiconducting
detectors, crystal spectrometers offer high resolution in the multi-keV regime [104]. This
detection method was used to determine the 2P — 1S transition energy in u'?C to 5 ppm,
and derive the radius with an accuracy of 2 x 1073 fm [41,105]. This demonstrates that an
X-ray detector with a resolving power of a few thousand enables the radii measurements
in light nuclei with a precision better than 10~3. However, this method suffers from low
efficiency and a narrow bandwidth, making it impractical to extend to the entire series of
light muonic elements in the available facilities considering beamtime constraints.

In order to measure the relevant transitions in light elements with sufficient accuracy
and within a reasonable time, we use a different technology: metallic magnetic calorimeters
(MMCs) [106], operated at exceptionally low cryogenic temperatures (about 20 mK). This
quantum-sensing single-photon energy-detection technique achieves a high resolving
power of few thousand, well-understood nonlinearity, and high quantum efficiency, as
follows: above 50% up to 40 keV, and above 5% up to 180keV [107]. It is thus ideally suited
to tackling the problem of measuring the charge radii of light elements (Z < 10) using X-ray
spectroscopy in muonic atoms. The principle of detection is that an X-ray is absorbed in a
metallic absorber and its complete energy is converted to a temperature increase. This leads
to a magnetization change in a paramagnetic material connecting the absorber to a thermal
bath. This change in magnetization is high-sensitively detected using a superconducting
quantum interference device (SQUID).

The first proof-of-concept measurement is currently undergoing its preparation. We
transported an existing micro-calorimeter array for X-ray spectroscopy (maXs) [108,109] in
a sidearm of a dilution refrigerator, from the Kirchhoff Institute for Physics in Heidelberg, to
a secondary muon beamline at the Paul Scherrer Institute (PSI), Villigen, Switzerland. The
detector is planned to be integrated with the existing muon, electron, and photon detectors
from the muX experiment [110], which is expected to allow identifying and suppressing
different sources of background. For detailed information on the detector, its performance,
and its integration with the beamline, see [107].
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Precise absolute X-ray measurements not only require a high resolution, ample
statistics, and effective background suppression, but also a robust calibration strategy.
The calibration function of the MMC detectors is to be determined periodically by using
readily available sources [111]. To complement this method, a commercial X-ray tube is
designed to be placed in the experimental system. There, electrons excite various metallic
targets, emitting their characteristic X-rays, some of which have energies that are known to
sub-ppm accuracy [112,113], and traceable to the International System of Units’ second [114].
Similarly, the energy of muonic X-ray lines that do not involve an S-state can be reliably
calculated to sub-ppm accuracy [115]. In this way, higher-lying lines in heavier muonic
atoms could calibrate 2P — 1S lines in lighter systems.

Finally, let us note that the experiment considered in this paper and other next-generation
experiments on exotic atoms (e.g., [116,117]), could significantly benefit from the ppm-level
absolute gamma-ray energy measurements in the 20-200 keV range, especially from readily
available long-lived commercial sources.

5. Summary

QUARTET is a new Collaboration that seeks to significantly improve the experimental
values of the charge radii from lithium to neon by means of a precision muonic X-ray
spectroscopy with metallic magnetic calorimeters, filling the gap between laser spectroscopy-
and semiconductor-based X-ray spectroscopy for the elements that are beyond reach of both
the methods. It will be the first time that those detectors are used with exotic atoms. The
expected ten-fold improvement in precision will significantly impact nuclear structure and
QED tests, and pave the way for moving BSM physics searches through the combinations
of the muonic and electronic isotope shifts on one side and the laser and X-ray spectroscopy,
on the other side.
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