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Overview

The muX/ReferenceRadii experiment: Stable & radioactive isotopes

2s-1s experiment: APV in a muonic atom

QUARTET: Going low-Z
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muX/ReferenceRadii experiment

Measurement of missing absolute charge 
radii for stable and radioactive targets

Transfer reactions in high-pressure H2/D2 
gas mixture to measure microgram 
quantities
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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

4Figure 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
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Entrance & veto detectors

Entrance detector to see incoming 
muon

Veto scintillators to form anti-
coincidence with decay electron

5

Entrance detector

Gas cell

Gas inlet

Veto scintillator

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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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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N. Warr et al., Eur. Phys. J. A 49, 40 (2013) 
L. Gerchow et al., Rev. Sci. Instrum. 94, 045106 (2023)
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Experimental setup

7

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.

3
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Simulation of transfer

Developed simulation to predict efficiency of transfer
Momentum of beam determines stopping distribution with respect to the target
Deuterium concentration determines speed of transfer but limits range due to μd+D2 
scattering
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Springer Nature 2021 LATEX template
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Fig. 3 Energy distributions of µd and µp atoms reaching
the surface of the target disk for two di↵erent deuterium
concentrations cD. Only atoms that reach within the first
1 µs after the entrance detector has been triggered are
considered here. The distributions are normalized by the
number of counts in the entrance detector.

Time distributions of muonic hydrogen atoms
reaching the target disk are presented in Fig. 2 for
various deuterium concentrations in the hydrogen
gas. The distributions were obtained for a muon
beam with a mean momentum of 28.0 MeV/c and
have been normalized to the number of entrance
counts. The distribution for pure hydrogen (cD =
0%) shows a prompt peak stemming from µp
atoms that reach the target disk directly after
formation. The other distributions show signifi-
cant peaks at later time which are associated with
µd atoms reaching the cell wall after the isotopic
exchange of the muon. Increasing deuterium con-
centration raises the rate of the isotopic muon
exchange from µp to µd, which enables the µd
atoms to reach the target disk faster. On the other
hand, a higher concentration of deuterium in the
mixture increases the probability for µd atoms
to scatter with deuterium molecules. The scat-
tering cross sections for this process exhibit no
Ramsauer-Townsend minima (see Fig. 1) and can
therefore limit the free path of the µd atoms. The
optimal deuterium concentration which balances
these concurrent e↵ects typically lies between
0.1 and 0.25% depending on the exact target
and beam conditions. Energy distributions of the
muonic atoms at the moment they reach the tar-
get disk are shown in Fig. 3 for two di↵erent
deuterium concentrations. As can be seen from
the distributions, most µd atoms have lost the
energy gained in the isotopic exchange reaction
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Fig. 4 Parameter scan for the momentum of the muon
beam pµ and the deuterium concentration cD. The figure
of merit is the probability for muons which are detected in
the entrance detector to eventually be transferred to the
target disk within maximally 1 µs. In the simulations, a
gaussian muon beam momentum distribution with 4% full
width at half maximum was assumed.

when reaching the target. A peak of the energy
distribution around the Ramsauer-Townsend min-
imum at ⇠ 4 eV is visible for the lower deuterium
concentration (cD = 0.1%). For the higher concen-
tration, this peak has been washed out due to the
increased scattering on deuterium molecules.

Figure 4 shows a parameter scan performed
with the transport simulations. Here, the e�-
ciency of the transport process is defined as the
number of muonic atoms reaching the target
disk normalized by the number of muons pass-
ing through the entrance detector. For this, only
muonic atoms are considered that reach the tar-
get disk within 1000 ns after entering the target
cell. Note, that the transfer to the heavy nuclei
in the target is not considered in the simula-
tions. In reality and depending on the thickness
of the target, only a fraction of the muonic hydro-
gen atoms reaching the target surface transfer
the muon to the actual target nuclei, while the
rest of the muons are transferred to the tar-
get backing material. For the scan, the e�ciency
has been determined for various beam momenta
and deuterium concentrations. For this geometry,
a maximal e�ciency is reached with an average
momentum of 27.8 MeV/c – at which point a sig-
nificant fraction of the muons stop directly in the
target backing material – and a deuterium con-
centration of 0.15%. Comparisons of simulation
results with experimental data will be presented
in Sec. 5 of this text.
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Optimisation of the transfer yield
A 0.2 mg Au target was mounted inside the 
gas cell

The amount of the 2p-1s μAu X-rays was 
measured by scanning the:

cD: D2 admixture in H2 gas (cD)
p: stopping position of the muon beam

Good agreement of all observables with 
simulation
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The observed total counts of 2p�1s gold x rays
N� is used to estimate the e�ciency ✏T of the full
transfer process by relating them to the number
of detected muons by the entrance detector Nµ:

✏T =
N�

Nµ

1

I✏det⇣
, (6)

with I the absolute yield per muon of the 2p� 1s
line, ✏det the detection e�ciency of the full ger-
manium detector array at this energy and ⇣ the
transmission through the grids and the entrance
window of the gas cell (see Sec. 4.3).

The yields of the 2p�1s transition after trans-
fer is distinctly di↵erent and about a factor 2 lower
compared to direct capture as was, e.g, measured
for several low-Z elements [58–61]. This can be
understood by the fact that the initial distribution
across the angular momentum states is shifted to
much lower values [62], which boosts the yields of
higher np� 1s transitions compared to the direct
capture. As no trustworthy measurements of the
2p � 1s yield after transfer for elements higher
than argon exist, it was estimated for gold after
transfer to be 65.7 ± 7.1%, and thus significantly
higher than seen in the measurements at lower
atomic numbers, by extrapolating a series of trans-
fer measurements in a hydrogen gas cell with small
admixtures of argon, krypton and xenon. A ded-
icated publication on these measurements is in
preparation [63].

In order to measure the detection e�ciency
of the germanium array at the energies of the
muonic gold 2p � 1s x rays, a 300-µm thick nat-
ural lead target with a diameter of 30 mm was
mounted in vacuum and without the entrance win-
dow and support grids at the target position inside
the gas cell. This arrangement guaranteed that
any muon registered by the entrance detector hits
the lead target and stops within. By using the
measured yield of the 2p � 1s transition (from
gold [64] instead of lead as the corresponding val-
ues found in literature [65, 66] are clearly not
correct), the e�ciency can be calculated by the
ratio of detected to the number of emitted x rays.
Additionally and by taking full advantage of the
large germanium detector array, a � � � coinci-
dence analysis was performed by triggering one of
the germanium detectors on the 3d � 2p transi-
tion and counting the number of observed 2p� 1s
x rays in the rest of detector array. The two
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Fig. 12 (a) Transfer e�ciency as a function of deu-
terium concentration cD at a muon beam momentum of
27.25 MeV/c. (b) Transfer e�ciency as a function of muon
beam momentum p at a deuterium concentration of 0.25%.
The two time windows correspond to the time after a
muon entered the gas cell over which the recorded muonic
gold x rays are counted to calculate the transfer e�ciency.
Also shown are the simulation results from Fig. 4 that
demonstrate excellent agreement. In the comparisons here,
the momentum of the simulated results was shifted by
�0.65 MeV/c in order to compensate for the not precisely
known material budget traversed by the muon beam and
to obtain the maximum e�ciency at the same momentum
as in the measurement.

approaches resulted in perfectly consistent values
for the detector e�ciency of ✏det = (0.46± 0.01)%
at ⇠5.6 MeV energy.

The window transmission ⇣ was measured just
following the detector e�ciency measurements by
still employing the natural lead target, but closing
the cell with the carbon fiber window and support
grids and comparing the amount of emitted lead
x rays per incoming muon with and without the
entrance window. The extracted value amounts to

Springer Nature 2021 LATEX template

11

0 200 400 600 800 1000
t [ns]

0

0.01

0.02

0.03

N
or

m
al

iz
ed

 C
ou

nt
s cD = 0.1 %

0 200 400 600 800 1000
t [ns]

0

0.01

0.02

0.03

0.04

N
or

m
al

iz
ed

 C
ou

nt
s cD = 0.25 %

(a) (b)

0 200 400 600 800 1000
t [ns]

0

0.02

0.04

0.06

N
or

m
al

iz
ed

 C
ou

nt
s cD = 0.75 %

0 200 400 600 800 1000
t [ns]

0

0.05

0.1

N
or

m
al

iz
ed

 C
ou

nt
s cD = 1.5 %

(c) (d)

Fig. 13 Evolution of the normalized muonic gold 2p� 1s x rays as a function of time after a muon entered the gas cell for
di↵erent deuterium concentrations: (a) cD = 0.1%, (b) cD = 0.25%, (c) cD = 0.75%, and (d) cD = 1.5%. The results from
the simulation (in red) nicely agree with the measured data (in black).

⇣ = 54.5% and is consistent across several of the
muonic lead lines.

With these parameters at hand the transfer
e�ciency can be calculated and plotted for the
2019 measurements as a function of deuterium
concentration and beam momentum in Fig. 12,
which reaches a maximum of approximately 5% at
a deuterium concentration of 0.25% and a momen-
tum of 27.25 MeV/c. The plots show the results
for two di↵erent time windows of 500 and 1000 ns
after the muon entrance highlighting the e↵ect of
the deuterium concentration and momentum on
the speed of the transfer process to the gold target.
Shown in addition to the measurements are also
the results of the simulation from Fig. 4. Excellent
agreement is found between the measurements
and simulation demonstrating good understand-
ing of the processes occurring in the gas cell and
corroborating the assumption that a 50-nm gold
layer is thick enough such that all muons transfer
to the target material. Good agreement between
simulation and measurements is also found by

plotting the time evolution of the muonic gold
2p� 1s x rays as a function of time after a muon
entered the gas cell – see Fig. 13.

5.2 Measurements with a few
microgram target

Already in 2017 in a first proof-of-principle mea-
surement, we have aimed at a measurement with
only 5 µg of gold as motivated by the maximum
allowed quantity for a potential 226Ra measure-
ment. We did this in a series of measurements
where the target mass was reduced from about
470 µg down to 5 µg. As we only discovered the
issues with the hydrogen/deuterium mixture (as
described in Sec. 4.4) later, we cannot give precise
values for these series of measurements as they are
plagued with uncertainty due to changes in the
deuterium concentration for the di↵erent measure-
ments, but will only give some rough estimates in
the next paragraph.
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The observed total counts of 2p�1s gold x rays
N� is used to estimate the e�ciency ✏T of the full
transfer process by relating them to the number
of detected muons by the entrance detector Nµ:

✏T =
N�

Nµ

1

I✏det⇣
, (6)

with I the absolute yield per muon of the 2p� 1s
line, ✏det the detection e�ciency of the full ger-
manium detector array at this energy and ⇣ the
transmission through the grids and the entrance
window of the gas cell (see Sec. 4.3).

The yields of the 2p�1s transition after trans-
fer is distinctly di↵erent and about a factor 2 lower
compared to direct capture as was, e.g, measured
for several low-Z elements [58–61]. This can be
understood by the fact that the initial distribution
across the angular momentum states is shifted to
much lower values [62], which boosts the yields of
higher np� 1s transitions compared to the direct
capture. As no trustworthy measurements of the
2p � 1s yield after transfer for elements higher
than argon exist, it was estimated for gold after
transfer to be 65.7 ± 7.1%, and thus significantly
higher than seen in the measurements at lower
atomic numbers, by extrapolating a series of trans-
fer measurements in a hydrogen gas cell with small
admixtures of argon, krypton and xenon. A ded-
icated publication on these measurements is in
preparation [63].

In order to measure the detection e�ciency
of the germanium array at the energies of the
muonic gold 2p � 1s x rays, a 300-µm thick nat-
ural lead target with a diameter of 30 mm was
mounted in vacuum and without the entrance win-
dow and support grids at the target position inside
the gas cell. This arrangement guaranteed that
any muon registered by the entrance detector hits
the lead target and stops within. By using the
measured yield of the 2p � 1s transition (from
gold [64] instead of lead as the corresponding val-
ues found in literature [65, 66] are clearly not
correct), the e�ciency can be calculated by the
ratio of detected to the number of emitted x rays.
Additionally and by taking full advantage of the
large germanium detector array, a � � � coinci-
dence analysis was performed by triggering one of
the germanium detectors on the 3d � 2p transi-
tion and counting the number of observed 2p� 1s
x rays in the rest of detector array. The two
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Fig. 12 (a) Transfer e�ciency as a function of deu-
terium concentration cD at a muon beam momentum of
27.25 MeV/c. (b) Transfer e�ciency as a function of muon
beam momentum p at a deuterium concentration of 0.25%.
The two time windows correspond to the time after a
muon entered the gas cell over which the recorded muonic
gold x rays are counted to calculate the transfer e�ciency.
Also shown are the simulation results from Fig. 4 that
demonstrate excellent agreement. In the comparisons here,
the momentum of the simulated results was shifted by
�0.65 MeV/c in order to compensate for the not precisely
known material budget traversed by the muon beam and
to obtain the maximum e�ciency at the same momentum
as in the measurement.

approaches resulted in perfectly consistent values
for the detector e�ciency of ✏det = (0.46± 0.01)%
at ⇠5.6 MeV energy.

The window transmission ⇣ was measured just
following the detector e�ciency measurements by
still employing the natural lead target, but closing
the cell with the carbon fiber window and support
grids and comparing the amount of emitted lead
x rays per incoming muon with and without the
entrance window. The extracted value amounts to
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 dR = 1.013031(15) ⇒ R = 5.94518(9) fm

dQ = 0.9969(7) ⇒ Q = 12.003(8) b

χ2
red = 2.13

Muonic curium spectrum

Succeeded to measure 
muonic curium for the first 
time

Effectively a 5 μg target
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By the way: cascade after transfer

Muonic cascade after transfer favors 
higher np-1s transitions

ninitial(Z)
Pl,initial(Z)

Experimentally confirmed for many low- 
and medium-Z atoms

Have data and cascade simulations on 
argon, krypton, xenon that we’ll publish 
soon
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Figure 7: Population of states in % for zinc and (a) for the direct capture of the muon and (b)
for the transfer from muonic hydrogen. The explicit values of the first three levels
are given also in Tab. 1.
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Figure 7: Population of states in % for zinc and (a) for the direct capture of the muon and (b)
for the transfer from muonic hydrogen. The explicit values of the first three levels
are given also in Tab. 1.
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Direct capture on zinc

Transfer to zinc
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How to get to good S/B ratio at high energies?

What we would like to simulate: 
Exact nature of remaining background to guide future developments
What is the dominant component? How do the proportions change as we, e.g., change cell designs?
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Remaining background: 
• Bremsstrahlung 
• neutrons from nuclear capture of muons: 

 

• Compton
μ− + (N, Z ) → (N + 1,Z − 1)* + νμ
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Cuts included: 
• Electron veto & HPGe detectors’ anti-coincidences 
• Clustering of events using the 3-crystal Miniball geometry 
• Correction of gain drifts before energy calibration 
• Baseline correction to correct for low-energy tails of the peaks
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2s-1s experiment

13

Motivation

2S

1S

2P

2 x E1
E1

E1

M1 + ηE1

HPV

(n>3)P-1S

(n>3)P-2S

Measure 2S1S for Z≈30 nuclei → Can we measure APV with muons directly?
● Motivation: 

○ Can we get sin2(θw)?
○ Is the muon special
○ Neutral currents at low Q2 have not 

yet been measured
● Goal of muX:

○ Observe 2S1S single photon transition
○ Achieve good S/B for a 10-4 B.R. transition

(crude) MC estimate of signal to background in μZn: 0.05

2p1s

2s1s

3p1s 4p1s

2
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2s-1s experiment

14

Kr measurements
● Increase 2S population

○ μ- → μH → μKr
○ Suppress circular transition in cascade

● 2017 & 2018 measurements with 100Bar H2 + 35 mBar Kr  target
● First observation of 2s1s

○ B.R> 10-4, S/B ~0.06
○ Background description 100% data driven  

3
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2s-1s experiment
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Zn measurements
● Suppress 3/4/5/…p→1s Compton background with a 3p→2s tag
● 5 days campaign in 2017 & 2019
● Loss of efficiency, but effective continuous background suppression

Zinc

4

2p1s

3/4/5/…p1s

Neutrons and e-
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2s-1s experiment

16

Zn measurements
● Suppress 3/4/5/…p→1s Compton background with a 3p→2s tag
● 5 days campaign in 2017 & 2019
● Loss of efficiency, but effective continuous background suppression
● Coincidence measurements in the muonic cascade create satellite peaks
● Optimize geometry and cuts with the help of MC
● Works, but hard to interpret quantitatively

5

Satellite peaks in coincidence spectrum are reproduced with a (less crude) G4 MC:
❏ MUON and RURP code from G.A. Rinker to calculate energies  Fortran
❏ V.R. Akylas and P. Vogel cascade code to get intensities Fortran
❏ Homebrew MC cascade generator based on these inputs C++/Geant4

Optimized miniBall 
detector array
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2s-1s experiment: simulation wishlist
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Lessons learned / requirements

Input for Cascade Monte Carlo:
❏ Muonic level energies including NFS effects
❏ Transition intensities including:

❏ Finestructure
❏ Low branching ratio transitions
❏ Auger transition intensities

(or the generated cascade is completely wrong)

It would be nice:
❏ Have a decent cascade generator interface with Geant4
❏ Even better: Start from negative muons on target
❏ Common code infrastructure so we don't reinvent the wheel for every study

What	about	angular		
correlations	in	cascade?
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QUARTET experiment

Significantly improve nuclear 
charge radii of light stable 
isotopes by measuring 𝑛𝑃 − 1𝑆 
x-rays in muonic atoms  

Commission a dedicated x-ray 
detector array based on 
Metallic Magnetic 
Microcalorimeter (MMC) at the 
PiE1 beamline.  

18

What we will do:
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• Significantly improve nuclear 
charge radii of light stable isotopes 
by measuring 𝑛𝑃 − 1𝑆 x-rays in 
muonic atoms

• Commission a dedicated x-ray 
detector array based on Metallic 
Magnetic Microcalorimeter (MMC) 
at the PiE1 beamline. 

• Enable the next generation of laser 
spectroscopy of light muonic atoms

4/16

Benchmarks for ab-initio nuclear theory 
Input for QED precision tests
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MMC: maXs-30

First tests of an MMC operating at 
piE1 beamline of PSI last fall

19

(One of) The Heidelberg MMC arraysFor test beamtime: maXs-30
High efficiency (>90%) for photons 10-60 keV8 × 8 pixel array, area 16mm2
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(One of) The Heidelberg MMC arrays

High efficiency (>90%) for photons 10-60 keV8 × 8 pixel array, area 16mm2

FWHM 

9.8 eVWorld record 

resolving power: 6000 
Non-linearity 
well-understood

For test beamtime: maXs-30
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First results

Very successful test run and 
promising first results

Sensitivity to low-Z isotopes

Calibration crucial to achieve 
final precision of around 0.1 eV

20



Andreas Knecht

QUARTET experiment: simulation wishlist

Simulate backgrounds coming from
Decay electrons
High-lying muonic x-ray transitions of background elements lying in the ROI 
(needs good cascade model!)

21



Andreas Knecht

Conclusions

Apart from accurate energy 
calculations of muonic x-ray 
transitions (see Ben’s talk), 
experiments in nuclear and particle 
physics need good simulations to 
understand backgrounds and guide 
detector design and setup

Good cascade model including all 
effects (Auger, angular correlations, …)

Reasonable muon capture model to 
understand delayed signals and 
backgrounds
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