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Abstract: We propose to utilise the facilities available at ISOLDE to perform an offline
implantation of 200 kBq of 226Ra into a glassy carbon backing target to be used for a

measurement of its nuclear charge radius by means of muonic atom spectroscopy. Such a
measurement is crucial for any future measurement of atomic parity violation using

radium and provides an important absolute benchmark for laser spectroscopy.

Summary of requested shifts: 6 shifts (split into 1 run over 1 year) with no proton
irradiation
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1 Introduction

Next to its mass the charge radius of a nucleus is one of its defining properties and thus
fundamental for understanding and calculating its interactions. While charge radii have
been measured and studied since a long time there is still room for surprises as the recent
measurements with muonic hydrogen [1], [2], that lead to the proton radius puzzle [3],
showed.
As an example, where precise knowledge of the charge radius is lacking, serves the po-
tential measurement of atomic parity violation (APV) in a single Ra+ ion [4]–[6]. The
parity violating signals arise through the weak interaction between the nucleus and its
surrounding lepton cloud. A precise measurement of atomic parity violation has so far
only been achieved in the case of cesium through measurements of the 6s− 7s transition
amplitudes [7]. In the end such a measurement allows to extract the weak mixing angle
– the Weinberg angle θW – complementary to its extractions from electron scattering,
neutrino scattering or at a high-energy collider. Together they allow to probe the run-
ning of sin2 θW as a function of momentum transfer as predicted by the Standard Model.
However, in order to extract θW from the transition amplitudes the interaction of the
nucleus with the corresponding electrons has to be calculated with precision. In the case
of radium this means knowledge of its charge radius at a level of at least 0.2% [8], [9].
The study of the charge radius of radium has a long history at ISOLDE. From the original
laser spectroscopy work with collinear fluorescence spectroscopy to the more recent work
with collinear resonance ionization spectroscopy, the changes in the charge radius from
208Ra to 233Ra have been investigated [10], [11]. More recently, the study of RaF molecules
with collinear resonance ionization spectroscopy has also sparked new interest in isotope
shifts of radium and the determination of changes in the charge radius [12]–[14]. However,
the impact of these measurements are still limited as relative changes until an absolute
charge radius can be determined with which to anchor the whole isotopic chain [15].

2 The muX experiment

Muonic atom spectroscopy is traditionally the method of choice for the measurement of
absolute charge radii. In muonic atom spectroscopy a negative muon beam is stopped in
a target made of the desired material. After slowing down, the muon is captured by the
nucleus and cascades down from a high initial state around n ≈ 14 to the ground state.
While the cascade initially occurs mainly through Auger transitions the lower states are
passed through radiative transitions. By measuring the emitted x-ray photons (which for
high-Z muonic atoms can reach up to 10 MeV) the binding energies of the various levels
of the muonic atom can be mapped out. Comparing the measured energy levels with
calculations taking the finite size of the nucleus into account allows to extract its charge
radius. While in principle a single transition energy is sufficient to extract the charge
radius, in practice a multitude of transitions is analyzed to constrain the calculations and
to determine additional nuclear effects such as nuclear polarization from the data itself.
An impressive precision on the charge radius can be achieved amounting in the case of
208Pb to 0.02% [16]. The correct treatment of all relevant effects [17] (QED corrections,
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Figure 1: Sketch and short description of the method employed to measure muonic x rays
emitted from a target with only microgram mass. The negative muon enters a 100 bar
hydrogen gas cell with a small admixture of deuterium. Upon stopping, the muon forms
muonic hydrogen µp and transfers to a deuteron upon collision with a deuterium molecule
forming muonic deuterium µd. Due to its low scattering cross section, µd can travel over
a large distance potentially reaching the microgram target at the back of the cell. Here,
the muon transfers again to the target nucleus thereby emitting the characteristic muonic
x rays.

nuclear polarization, deformation, nuclear excitations, ...) in the analysis of the muonic
spectra is challenging and usually by far limits the precision that can be achieved.
As a standard negative muon beam cannot be stopped in the small quantities typically
available for highly radioactive elements such as 226Ra, the muX collaboration has over
the last years developed a new method that is capable of performing muonic atom spec-
troscopy on samples available in microgram quantities [18]. The method relies on transfer
reactions taking place inside a high-pressure hydrogen gas cell operating at 100 bar, corre-
sponding to about 10% of liquid hydrogen density, with a small admixture of deuterium.
The method is inspired by the work described in Refs. [19]–[21] and the wealth of knowl-
edge gained in the pursuit of muon catalyzed fusion (see, e.g., Refs. [22], [23]) on the
behavior and interaction of the muonic hydrogen isotopes inside gas cells. A sketch and a
very brief description of the method can be found in Fig. 1. The gas cell is then surrounded
by an array of germanium detectors to efficiently and precisely measure the emitted x rays
from the target.
While the method described above was validated with thin gold targets with masses
down to 5 µg, measurements of radioactive elements have since successfully been com-
pleted. Figure 2 shows the spectrum measured for 248Cm with the MiniBall detector array
during the CERN Long Shutdown 2 and the statistical precision on the charge radius and
quadrupole moment that can be achieved from such a measurement. The final precision
achievable will be limited by the systematic uncertainties and here especially from the
calculation of corrections that need to be applied.
The 15 µg 248Cm target was prepared by a combination of molecular plating [24] and
drop-on-demand [25] on a glassy carbon backing. While the measurement was in the
end successful, several issues were observed that limited the performance of the target:
i) the target was contaminated with palladium from the molecular plating process, ii) in
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Figure 2: X-ray spectrum of the 2p−1s transitions in muonic 248Cm together with the fit
extracting the nuclear charge radius R and the quadrupole moment Q. The systematic
uncertainty will in the end dominate the uncertainty on the two parameters.

addition to 248Cm a small amount of 246Cm is present as well, and iii) the element of
choice is deposited in molecular form. All of these three effects lead to a reduction of the
overall efficiency as the µd atoms that reach the target can transfer to these other elements
thereby reducing the amount of good, target x rays that can be measured. In addition
to 248Cm, several attempts were already made to measure 226Ra using targets prepared
by both molecular plating and drop-on-demand. While the latest target prepared by
molecular plating showed promise and the very first hints of muonic 226Ra x rays were
observed, its efficiency was not enough to perform a measurement with good statistical
precision.
In order to circumvent some of the drawbacks of the two target production methods
described above, the muX collaboration has started to develop methods in order to use
implanted targets [26]. This of course allows to use mass separation available for ion beams
and to implant the target element in its atomic form into a suitable backing material. As
a first step, targets were prepared that featured a thin, sputtered gold layer covered on
top by a sputtered graphite layer of variable thickness. Figure 3 shows the results of these
measurements. While the muon capture rate on gold of course drops with increasing
graphite thickness, still a sizeable amount of µd atoms penetrate through graphite layers
of several tens of nanometers. With these first results in hand, tests and measurements
were subsequently successfully performed with gold implantations at 4.5, 27 and 90 keV.
In addition, a first implanted, radioactive target was measured just last year - 7.5 µg of
40K (equivalent to 1.1× 1017 atoms) implanted at an energy of 30 keV.
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Figure 3: Attenuation of the muon capture rate on gold as a function of the graphite
thickness in nanometers covering the gold layer. [26]

3 Implantation of 226Ra

Based on the successful developments described in the previous section, we propose to
use the capabilities and facilities of ISOLDE at CERN, in order to prepare an implanted
226Ra target to be used in the muX experiment at PSI. The envisaged target mass is
5.5 µg, which corresponds to 100 times the approval limit (LA) or 200 kBq. The total
amount of 226Ra atoms is 1.46 × 1016. This amount of target material is the maximum
allowed in the experimental hall of PSI and necessary in order to ensure a good statistics
measurement.
The proposed implantation scheme outlined below is based on our recent separation of
110mAg at ISOLDE [27] and the experience of the MEDICIS team with 224Ra [28], where
an efficiency of 40% for surface ionisation was observed. Enhancement of the ionisation
efficiency through laser ionisation is known [29], as well as the use of molecular beams
[12], but for simplicity we propose to use surface ionisation alone and base our further
estimations on that. We will employ the GPS separator of ISOLDE offline and load it
with commercially purchased 226Ra solutions. The carrier free 226Ra solution will consist
of radium nitrate dissolved in 1 M HNO3. The collection will be done at the GLM or
GHM station. The extracted particle current at 30 keV will be restricted to stay below
the ion load limit expected to be around 20 to 130 nA. As we plan to produce two
implanted targets, we propose to perform the first implantation at 20 nA followed by
the second implantation at 100 nA. The relevant parameters for the implantation and
the calculation of the total duration are given in Table 1. The total duration for the
implantation is 39 hours for the two targets. Including time for preparation and target
change we thus request 6 shifts.
The backing material for the implantation is a glassy carbon disk (SIGRADUR K) with a
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Table 1: Relevant parameters for the offline implantation of 1.46 × 1016 radium atoms
into the backing material equivalent to 650 nAh. We foresee the production of two targets
using two different maximum ion currents.

initial activity ionisation efficiency ion current implantation duration
500 kBq 40% 20 nA 32.5 h
500 kBq 40% 100 nA 6.5 h
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Figure 4: (Left) TRIDYN simulation for the dependence of the retained fluence (y-axis)
versus incoming fluence (x-axis). At an incoming fluence of 7.5 Å−2 self-sputtering effects
start to play a signifcant role. (Right) Simulated implantation depth profile for the
1.46× 1016 radium ions in the glassy carbon backing disk.

thickness of 1 mm and a diameter of 16 mm [27]. The implantation is ideally distributed
over the central 10 mm diameter area matching well the expected beam width of 8 mm
and with potentially utilising the existing rastering capabilities of the beamline. We have
performed TRIDYN [30] implantation simulations using the parameters above in order
to assess the implantation depth and self-sputtering limits. These simulations have also
been performed for our previous implantations and proved to be reasonably reliable [31].
Figure 4 shows the results of these simulations. The plot on the left shows the relation
between the retained fluence versus the incoming fluence. Beyond a fluence of around
7.5 Å−2 self-sputtering effects start to play a role and the retained fluence drops. The
expected 1.46× 1016 atoms distributed over a 10 mm diameter area leads to a fluence of
1.9 Å−2 - therefore well below any critical limits. Additionally, the depth profile shown on
the right predicts an implantation depth of around 30 nm, which should result in only a
small attenuation of the signal as shown in Fig. 3. We have also looked at recoil-sputtering
effects after the implantation due to decays using SRIM/TRIM [32] simulations, but found
only a small expected loss due to these effects [31].
The amount of implanted radium ions will be monitored through the measured ion current
and γ-ray spectroscopy. The 186 keV γ ray emitted in the decay of 226Ra with a branching
of 3.64% offers direct monitoring of the radium activity present in the sample. While a
liquid nitrogen cooled high-purity germanium is in principle the detector of choice for
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such a measurement, other options are available in case of safety concerns due to the use
of liquid nitrogen in this environment. These options are the use of an electrically cooled
high-purity germanium detector or of inorganic scintillators such as cerium or lanthanum
bromide.
It is clear that the amount of 226Ra to be used is significant and we are aware of the
associated safety concerns. We have already contacted relevant personnel at CERN in
order to follow all required protocols and procedures in order to conduct the implantation
in a safe way and limit contamination to a minimum.
After implantation, the targets will be stored under vacuum in order to reduce any degra-
dation of the targets due to contact with air and avoid potential molecular formation,
as well as to avoid the uncontrolled release of 222Rn gas. Subsequently, the targets will
be shipped to PSI where they are transferred to the muX target chambers and used for
muonic atom spectroscopy in the following muon beam period depending on approval and
scheduling at PSI.

4 Summary of beam time request

In order to collect two samples of 226Ra with 1.46 × 1016 atoms, we request 6 shifts of
beam time without protons, as described in Table 1.
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5 Details for the Technical Advisory Committee

5.1 General information

Describe the setup which will be used for the measurement. If necessary, copy the list for
each setup used.

⊠ Permanent ISOLDE setup: GLM collection chamber

⊠ To be used without any modification

2 To be modified: Short description of required modifications.

2 Travelling setup (Contact the ISOLDE physics coordinator with details.)

2 Existing setup, used previously at ISOLDE: Specify name and IS-number(s)

2 Existing setup, not yet used at ISOLDE: Short description

2 New setup: Short description

5.2 Beam production

For any inquiries related to this matter, reach out to the target team and/or RILIS (please
do not wait until the last minute!). For Letters of Intent focusing on element (or isotope)
specific beam development, this section can be filled in more loosely.

• Requested beams:
Isotope Production yield in focal

point of the separator (/µC)
Minimum required rate
at experiment (pps)

t1/2

226Ra Not applicable 100 nA 1600 years

• Full reference of yield information: external sample provided by the Users and loaded
according to the protocol developed for MEDICIS.

• Target - ion source combination: External sample + surface ion source + small mass
marker for beam tuning

• RILIS: May be set for Ra but not necessary

2 Special requirements: no

• Additional features?

2 Neutron converter: not applicable

2 Other: no

• Expected contaminants: none

• Acceptable level of contaminants: not applicable
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• Can the experiment accept molecular beams? no: other element may reduce the
muon capture during the muonic x-ray spectroscopy experiment.

• Are there any potential synergies (same element/isotope) with other proposals and
LOIs that you are aware of? Yes: IS725

5.3 HIE-ISOLDE

Not applicable

5.4 Shift breakdown

The beam request only includes the shifts requiring radioactive beam, but, for practical
purposes, an overview of all the shifts is requested here. Don’t forget to include:

• Isotopes/isomers for which the yield need to be determined

• Shifts requiring stable beam (indicate which isotopes, if important) for setup, cali-
bration, etc. Also include if stable beam from the REX-EBIS is required.

An example can be found below, please adapt to your needs. Copy the table if the beam
time request is split over several runs.

Summary of requested shifts:

With protons Requested shifts
not applicable
Without protons Requested shifts
Stable beam tuning from mass marker 1
Low-intensity collection 4
Sample exchange 0.5
High-intensity collection 1
Sample retrieval 0.5

12



5.5 Health, Safety and Environmental aspects

5.5.1 Radiation Protection

• If radioactive sources are required:

– Purpose? Calibrating the γ-ray detector

– Isotopic composition? Typical sources available at ISOLDE (133Ba, 137Cs,
152Eu, . . . )

– Activity? Using the sources already available at ISOLDE

– Sealed/unsealed? Sealed

• For collections:

– Number of samples? 2

– Activity/atoms implanted per sample? 1.46 × 1016 atoms, corresponding to
200 kBq, or 100 LA

– Post-collection activities? on-site characterization with γ-ray and α-decay
spectroscopy; storage under vacuum; shipping to PSI to perform muonic x-
ray spectroscopy.

5.5.2 Only for traveling setups

not applicable
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