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Abstract: We propose to utilise the facilities available at ISOLDE to perform an o✏ine
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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muX experiment

Measurement of missing absolute charge 
radii for high-Z radioactive targets

muX is a fully approved experiment at PSI 
with regular beam times to develop method 
and perform first measurements of 
radioactive targets

Main goal: 226Ra as a candidate for an APV 
experiment

Transfer reactions in high-pressure H2/D2 
gas mixture to measure microgram 
quantities
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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 e�ciently 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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How to extract nuclear charge parameters
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the Dirac equation 
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Charge 
distribution 

parameters in 
V(r)

Energies of the 
muonic levels

Corrections of the 
muonic energy levels: 

vacuum polarization, self-
energy, nuclear polarization, 

electron screening, recoil 
effect, …

Measured 
energies by HPGe 

detectorsExtract the 
charge distribution 

parameters

nuclear polarization



Andreas Knecht

Germanium array

2017/2018
11 germanium detectors in an 
array from French/UK loan 
pool, Leuven, PSI
First time a large array is used 
for muonic atom spectroscopy

2019
Miniball germanium detector 
array from CERN
26 germanium crystals in total

Since 2020: mixture of various 
detectors contributed from 
various collaborating institutions; 
common array with MIXE
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Radioactive targets

Made by a combination of electroplating and printing in the Nuclear Chemistry unit at 
JGU Mainz
Difficult to make thin targets that have only very little organic contamination
We did not observe anything significant from the two radium targets 
For both curium and radium target we suffered from palladium contamination —> only 
about 1/3 of muons went to target material
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Muonic curium spectrum

Succeeded to measure 
muonic curium for the first 
time

Effectively a 5 μg target

Excellent statistical accuracy, 
but final result will be limited 
by systematics
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First hints of muonic radium

After intense analysis of curium 
measurements and a lot of work on the 
target preparation using barium, we were 
ready again for radium 
We are confident that we see for the first 
time evidence of muonic radium x rays
Not quite enough for a high-statistics 
measurement, hard to unambiguously 
assign hyperfine transitions
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Can we prepare targets differently?

Started looking at implanted targets 
using ion beams

Checked effect of graphite layer on top 
of gold to characterise attenuation
Can afford a layer of a few 10 nm

Performed measurements with 
implanted gold targets and compared to 
surface targets
Looks promising, good efficiencies 
achievable

This was also confirmed by the 
measurement of a first radioactive 
target: 7.5 μg of 40K (1.1x1017 atoms) 
implanted at 30 keV
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Implanting radium

TRIDYN simulations for the implantation of the maximum allowed 226Ra quantity in 
glassy carbon: 1.46x1016 atoms (5.5 μg, 200 kBq, 100 LA)
Simulations show that we are well below self-sputtering limits
Implantation at around 30 nm very acceptable
Also only small loss after implantation due to recoil-sputtering
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Implanting radium

Propose to prepare two radium targets to have one as a backup for the muon 
measurements
Implantation could be performed at GPS separator of ISOLDE offline using 
commercially obtained radium nitrate dissolved in nitric acid
Estimates below rely on surface ionisation alone with an efficiency as observed by 
MEDICIS for 224Ra 

“Slow” implantation for best quality ion beam and minimal losses
“Fast” implantation at the ion load limit of around 100 nA for second target to explore 
capabilities for potential, future implantations

Monitoring of implantation using the ion current and gamma-ray spectroscopy 
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Safety

We are aware of the safety concerns and are 
happy to follow any required protocols and 
procedures and to perform dry runs.
We have started to discuss these issues 
already with corresponding CERN personnel.

After implantation the two targets will be stored 
under vacuum before shipping to PSI and 
transferring them to the muX target chambers.
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Conclusions

Muonic atom spectroscopy offers the 
possibility to measure absolute charge 
radii of radioactive isotopes

muX has developed a method to work 
with as little as a few microgram of 
target material with the explicit goal of 
measuring the charge radius of 226Ra

Ion implantation has been shown to be 
an excellent tool to prepare targets for 
muX

We request 6 shifts of beam time 
without protons to implant two radium 
targets
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100 bar hydrogen target

Target sealed with 0.6 mm carbon fibre window 
plus carbon fibre/titanium support grid
Target holds up to 350 bar
10 mm stopping distribution (FWHM) inside 15 
mm gas volume
Target disks mounted onto the back of the cell

14Figure 3: Entrance window arrangement of the gas cell. Visible are the titanium/carbon fiber
support grid, the carbon fiber window and the stainless steel disk compressing the
underlying O-ring seal.

revealed that it can actually hold up to 350 bar at which point the screws are ripped out of
the aluminum housing.

The cell is surrounded on five sides by large 4 and 5 mm thick plastic scintillators that veto
against decay electrons. Two of the scintillators are shown in Fig. 2. The front and back
detectors feature a central hole of 35 and 22 mm, respectively, to allow the connection of the
gas cell to the entrance detector and to the gas inlet.

The target foil shown in Fig. 4 is glued onto a small aluminum support stand which in turn
is screwed into the backwall of the cell. The gas inlet is also located at the backside of the
target and ends just below that support stand. In this configuration the distance between the
target and the carbon fiber window amounts to 15 mm. Various targets were tested over the
course of the measurement campaign: gold targets of di↵erent thicknesses and sizes with a
copper or kapton backing, and two uranium targets.

Eight of the germanium detectors were held in place by a welded steel construction that
allowed to mount them all around the target cell and adjust their distance and angle. The
remaining three detectors were place on tables attached to the same frame. Due to the di↵erent
mounting methods the distance of the detectors to the gas cell varied between 10 and 15 cm.
The arrangement of the detectors is shown in Fig. 5. The full array was mounted on rails
(visible in Fig. 1) such that it could easily be moved in order to get easier access to the gas
cell and entrance detector. The 11 detectors were of the following types: 7 compact coaxial
detectors from the French/UK loan pool with e�ciencies of around 60%, 2 stand-alone coaxial
detectors with 70 and 75% e�ciency, 1 Miniball cluster consisting of three individual crystals
of around 60% e�ciency each [3], and 1 planar detector optimized for low-energy gammas.

As the French/UK loan pool and Miniball detectors had only a small liquid nitrogen dewar
they needed to be refilled every 8 hours. For this reason, we developed an automated filling
system controlled by a PSI SCS-3000 module. Figure 6 shows one side of the autofill system
with the valve controller box, the main liquid nitrogen filling line and various valves and hoses
connecting to the di↵erent detectors. The liquid nitrogen was stored in two 200 l dewars that
were refilled twice a week from the main liquid nitrogen system of PSI. The SCS-3000 box
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Fig. 7 Plastic scintillator
detectors used in the muX
apparatus: a beam veto
scintillator, b muon entrance
scintillator, and c decay-electron
veto scintillators. For more
details see text

as an active collimator for the muon beam and vetoes against
background coming down the beamline outside of the accep-
tance of the entrance detector.

The beam veto detector is followed by the muon entrance
detector (Fig. 7b). The detector is based on a 20 × 20 mm2

BC-400 scintillator foil with a thickness of 200 µm. The
scintillator is glued with optical cement on a UV-transparent
plexiglas frame, which in turn is coupled to 12 3 × 3 mm2

silicon photomultipliers as for the beam veto detector. This
detector serves to provide a precise timing for the arrival
of a muon in the high-pressure gas cell and to distinguish a
muon from some remaining electron background in the beam
through the amount of deposited energy.

The last scintillator detectors are the decay-electron veto
detectors shown in Fig. 7c that surround the gas cell. These
are large 180 × 180 mm2 EJ204 scintillator plates with a
thickness of 5 mm. The light from the scintillator is collected
through wavelength shifting fibers that are embedded into
grooves in the scintillator plate. They guide the light to a
single 3 × 3 mm2 silicon photomultiplier (model S13360-
3050CS by Hamamatsu [52]). One of the detectors features
a 35 mm diameter central hole such that it can be mounted
around the tube through which the muons enter the gas cell
(see Fig. 6). These decay-electron veto detectors serve to effi-
ciently reduce the background generated in the germanium
detectors (directly or indirectly) coming from muon Michel
decays generating electrons with energies up to 53 MeV.

4.3 High-pressure gas cell

Figure 8 shows an overview of the high-pressure gas cell.
The main body of the cell is made of aluminum. An alu-
minum gas line screws into the main body from the back
(feeding in the gas just behind the target) and is sealed using
glue (Model Stycast 2850 FT). The cell is closed towards the
muon beamline by a 600 µm thick carbon fiber-reinforced
polymer window that allows the muons to pass through. In
order to withstand the high pressure, the window is supported

Fig. 8 Rendered CAD image of the high-pressure gas cell with a cutout
in order to show the placement of the target and the arrangement of
the entrance window and supporting grids. For reference the volume
between the target and entrance window has a length of 14 mm and a
diameter of 30 mm. See text for more information on the different parts

by a combination of a first 4 mm thick titanium grid and a
second 2 mm carbon fiber-reinforced polymer grid mounted
on top. The 2 mm carbon fiber-reinforced polymer grid faces
the muon beamline and greatly reduces the background from
muons stopping in titanium. The grids have an open area of
74%. During measurements a transmission through this grid
and window arrangement of around 60% was observed (with
a variation of around ± 5% over the various experimental
campaigns depending on beam setup) and thus smaller than
the open area due to the divergence of the beam and stops
in the window. The grids and window are pressed down by
a 3 mm thick stainless steel ring with an open diameter of
20 mm. The overall gas seal is achieved by an O-ring. The
cell was pressure tested up to 350 bar at which point the
screws securing the stainless steel ring and titanium and car-
bon fiber grids are ripped out of the aluminum body.

A polystyrene tube (not shown in Fig. 8) extends from
the stainless steel ring to the entrance detector ensuring that

123



Andreas Knecht

Entrance & veto detectors

Entrance detector to see incoming 
muon

Veto scintillators to form anti-
coincidence with decay electron
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Figure 2: Entrance detector and gas cell mounted onto the beam line in ⇡E1. Visible are also
two of the five decay electron veto scintillators and the gas filling line that connects
to the cell from the back.

2 Description of the setup

Figure 2 shows an image of the entrance detector housing, the gas cell and two of the decay
electron veto scintillators. The entrance detector system consisted of a 100 µm thin, 20 ⇥
20 mm2 plastic scintillator preceded by a 4 mm thick plastic scintillator of 80⇥ 80 mm2 outer
dimensions and a 15 mm diameter hole. This thick scintillator was used to veto against beam
and decay electrons. A continuous energy calibration was provided by a thin layer of 208Pb
mounted in front of the veto detector, providing X-rays in the region of interest. The muonic
X-rays from 208Pb have been measured precisely in the past [2] and can now be used for
calibration. As this layer of lead is located in front of the veto detector its emitted X-rays are
not correlated with an event in the entrance detector and can thus be nicely separated from
the muonic X-rays of interest by timing.
The muons enter through a 20 mm diameter opening into the 30 mm diameter gas cell.

In order to have a narrow stopping distribution the measurements were carried out at 10%
liquid hydrogen density, which for the room temperature arrangement corresponds to 100 bar
of hydrogen pressure. The gas cell is sealed by an O-ring and a 600 µm thick carbon fiber
window. The window is supported by a 4 mm thick titanium and 2 mm carbon fiber grid
with an open fraction of 73%. This arrangement (shown in Fig. 3) was holding the 100 bar of
pressure without any problem and with only a negligible leak rate. Pressure tests with water
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Experimental setup

16

Quadrupoles

Germanium array

lN dewars

Gas handling system

Figure 1: Top view of the setup for the beam time of July/August 2017 in the rear area of
⇡E1. Visible are the last quadrupole of the beam line, the germanium detector array,
the liquid nitrogen dewars feeding the automated filling system and the gas handling
equipment.

1 Introduction

We have had a successful beam time of two weeks in July/August 2017 in the ⇡E1 area. The
setup is shown in Fig. 1. For the first time in the history of muonic atom spectroscopy a
germanium detector array was used to perform the measurements. It consisted of a total of 11
detectors that were contributed by PSI, Leuven and the IN2P3/STFC French/UK Ge Pool [1].

In the following sections we report on the progress achieved with this setup on various
areas going from the successful use of transfer reactions in a 100 bar hydrogen and deuterium
mixture and its optimization with ultra-thin gold targets to measurements of transfer reactions
in various mixtures of noble gases with hydrogen and our first measurements with radioactive
materials, namely uranium. The setup was also used for the measurement of the 2s � 1s
transition, the progress of which will be reported elsewhere. We will conclude with the beam
time request for 2018.

We have to emphasize that the data analysis is still ongoing and that any results presented
are preliminary. Additionally we are also still analyzing data taken in 2016, where we measured
the muonic X-rays of Re-185 and Re-187. For rhenium, no absolute charge radius measurement
exists to date. However, this has not yet been completed as most of our attention in 2017 was
focused on the experimental progress and the fact that the theoretical framework for extracting
a charge radius from the rhenium spectra is not yet fully complete.
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Ion load limit

17


