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Schedule

Some open slots at the end, should have enough time for discussions
Probably stop for an extended coffee break at 4 pm for LTP seminar
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Lunch

Lunch at OASE at 1 pm
We do not have a 
reserved table but 
crowd should be ok to 
find enough space
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Dinner

Dinner at Frohsinn in 
Würenlingen at 6:30 pm
We should have enough 
cars and will meet at 
6:15 pm in front of this 
building
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Atomic parity violation in radium

Weak interaction leads to parity violating 
effects in atomic transitions 
→ enhanced in heavy atoms (∝Z3) due 
to large overlap with nucleus

Extract Weinberg angle using precision 
atomic calculations 
→ Needs knowledge of the radium 
charge radius with 0.2% accuracy

Weinberg angle comparable to α and me 
in electromagnetism
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Atomic parity violation fixes weak interaction 
properties at low momentum

Ra

proposed	experiments  
arbitrary	value	on	y-axis
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Neutron	Number

Charge radii in nuclear physics

Large efforts at ion beam facilities to determine charge radii
Wealth of information on nuclear properties from laser spectroscopy
Need electron scattering or muonic atom spectroscopy for absolute radii
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Kluge and Nörtershäuer, Spectrochim. Acta B 58, 1031 (2003) 
Blaum et al. Phys. Scr. 2013 014017 (2013)

Isotopes probed by laser spectroscopy
black: stable isotopes
red: unstable isotopes

Nuclear chart
grey: all known isotopes
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What about radioactive atoms?

Most of the stable isotopes have been 
measured with muonic atom spectroscopy

In a few special cases also radioactive 
isotopes, e.g. americium

The paper describes the americium target 
as “modest weight of 1 gram”

Nowadays: 0.2 μg of open 241Am allowed in 
experimental hall…
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Volume 161B, number 12,3 PHYSICS LETTERS 24 October 1985 

odd-odd isomer and the 241Am ground state 
provides qualitatioe evidence for a large nuclear 
deformation of the fission isomer. A quantitative 
interpretation of these data, however, requires 
detailed knowledge of charge-distribution parame- 
ters for the ground states of 241Am and 243Am since 
the relative optical isotope shift between heavy 
nuclei is dependent [5] upon the difference in their 
optical m o m e n t s  A<r°pt).  The optical moment can 
be expressed as a weighted sum over even 
moments of the nuclear charge distribution: 

1 
= C F 2i <r°Pt) ~11 E i <  )- 

T h e  Seltzer coefficients G(Z),  which depend on 
the electronic structure of the element, are 
tabulated in ref. [6]. The mean square nuclear 
charge radius <rE), represented by the first 
coefficient, C 1, is the main contributor to the 
isotope-shift effect; in americium the higher terms 
contribute about a 5% correction. 

Multigram samples of high-isotopic-purity 
transuranic nuclides have become available as a 
result of the heavy element program of the US 
Department of Energy. Thus it is now feasible to 
determine the nuclear charge distributions of 
heavy elements by muonic X-ray hyperfine spec- 
troscopy. We describe here the results of such an 
experiment on 241Am and 243Am, the highest Z, 
shortest lived isotopes yet studied by muonic 
X-ray hyperfine spectroscopy. 

The experiments were performed at the stopped 
muon channel of the Los Alamos Meson Physics 
Facility (LAMPF) with equipment and procedures 
described in detail elsewhere [7]. The I gram 241Am 
and 243Am targets (isotopic purity > 99%) were 
prepared at Oak Ridge National Laboratory. Each 
target consisted of a 1 in diameter disc of 
compressed oxide doubly encapsulated in 
aluminum. These targets, together with a :08 Pb 
target that provided energy calibration lines [8], 
were simultaneously exposed to the stopping 
muon beam. A :4Na source placed near the Ge(Li) 
spectrometer provided additional calibration lines 
for the L and M muonic X-rays of americium, and 
other off-line sources provided a linearity calibra- 
tion for the data-acquisition system. Portions of 
the muonic K X-ray spectra for 241Am and 243Am 
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Fig. 1. Portions of the muonic K X-ray spectra for 241Am and 
243Am. The vertical lines indicate the energies and relative 
intensities of the hyperfine components calculated from the 
fitted nuclear charge distribution parameters. 

are shown in fig. 1. The intense natural radioactiv- 
ity of the americium targets, and their modest 
weight (dictated by safety considerations) resulted 
in data that are inferior in statistical accuracy and 
signal-to-noise ratio compared to data from 
nonradioactive targets. 

The nuclear charge density was represented in 
our analysis by a Fermi distribution as modified 
by Bracket al. [9] to include nuclear deformation. 
We assume that the same functional form, namely, 

p = (Z/4~'R3) [1 

(r-Ro(l+bo+fl2Y2o+fl4Y4o))] -1 
+ exp a 

describes all the isotopes of interest here, including 
the fission isomer. For each nucleus this para- 
meterization involves an equivalent spherical 
half-density nuclear radius R 0, quadrupole and 

76 

Johnson et al., Phys. Lett. 161B, 75 (1985)

Cannot stop muons directly in microgram targets 
Need new method!
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Our radioactive targets

5.5 μg target material allowed
Gamma rate of ~400 kHz from all daughters
Interest from atomic parity violation
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248Cm, 3x105 y

244Pu, 8x107 y
α: 92%

SF: 8%

32.6 μg target material allowed
Heaviest nucleus accessible
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Transfer reactions
Stop in 100 bar hydrogen target with 0.25% 
deuterium admixture

Form muonic hydrogen μp

Transfer to deuterium forming μd, gain 
binding energy of 45 eV

Hydrogen gas quasi transparent for μd at 
~5 eV (Ramsauer-Townsend effect)

μd reaches target and transfers to μRa

Measure emitted X-rays from cascade
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μ- 
µp

µd

Inspired by work of Strasser et al.  
and Kraiman et al.

µRa
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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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7.2. Optimization of the transfer e�ciency 85
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Figure 7.7.: ??? caption

also see that an optimal seeting of beam momentum is more important for a
high transfer e�ciency than using the optimal deuterium concentration. Fig.
7.7 b) shows the according 2D plot for a cooled target with a gas temperature
of T = 50K. The pressure has been scaled down linearly, so that the density
of the gas is the same as in the original muX configuration. Obviously, the
performance of the cooled target shows only small di↵erences from the per-
formance of the room-temperature target, i.e. the transfer e�ciency is not
sensitive to the temperature of the target. As we have already mentioned in
the discussion of Fig. 7.2 a), the width of the stopping distribution in the gas
volume decreases with increasing pressure, which allows to stop a larger frac-
tion of muons close to the target disk. For this reason, Figs.7.7 c) and d) study
the impact of a variation of the pressure on the transfer e�ciency. Neither a
high target pressure of p = 300 bar nor a low target pressure of p = 50bar yield
a higher transfer e�ciency than the original target with 100 bar. Apparently,
the increased collison rate in a high-pressure target compensates the positive
e↵ect of a narrower stopping distribution. Yet, the high-pressure configura-
tion might yield a slight increase in the absolute number of tranfers to the
target for another reason: In the muon beamlines of PSI, the rate of negative
muons in the beam grows with the beam momentum roughly with P 3

µ . Since
a higher target pressure requires an increase in beam momentum, it has a
positive e↵ect on the absolute number of muons entering the target. It is
questionable, however, whether this positive e↵ect is large enough to justify

85

Talk by Jonas
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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

�11Figure 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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Entrance & veto detectors

Entrance detector to see incoming 
muon

Veto scintillators to form anti-
coincidence with decay electron

�12

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

11 germanium detectors 
in an array from French/
UK loan pool, Leuven, 
PSI

First time a large array 
is used for muonic atom 
spectroscopy

�13
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Experimental setup 2017/2018
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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

πE1 beam line
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History muX: 2015

Using the Alcap DAQ and setup
25 and 75% Ge detectors

Taking first spectra with
natPb
natRe
natZn
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History muX: 2016
Own DAQ based on 
Struck digitiser
4 Ge detectors (but only 
two working)

Measurement of
185Re, 187Re
208Pb for calibration
natZn
First gold transfers  
(in 2nd attempt)
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Talk by Niklas, Stella

Talk by Frederik
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History muX: 2017
11 Ge detectors in an 
array

Measurement of
Transfer to 5 μg Au
Transfer to 238U
Transfer to Ar/Kr/Xe
65Zn
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Talk by Frederik

Talk by Alex
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History muX: 2018
13 Ge detectors in an 
array (1 not working)

Measurement of
Transfer to 226Ra, 
248Cm
Transfer to Kr
197Au, 178Hf, 159Tb

�18

Talk by Robert, 
Dennis
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Miniball at PSI: 2019?
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Talk by Nigel, Elisa, Mark
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muX collaboration
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Scattering cross sections

Scattering on deuterium does not show a Ramsauer-Townsend minimum
Need to be careful to not have too much deuterium in the gas mixture
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DAQ

Struck SIS3316 digitizer: 16 channel, 14 bit, 250 MHz 
Firmware for online pulse processing

�23

http://www.struck.de/sis3316.html

http://www.struck.de/sis3316.html
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Detection of APV
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Weak	Interaction	in	Atoms
Interference	of	EM	and	Weak	interactions

E1PNC = Kr Z3 Qw = Kr Z3 (- N + Z (1-4sin2 θW))

Atomic	Theory	
Measurement Heavy	System	

K. Jungmann, L. Willmann, Workshop  
on Muonic Atom Spectroscopy (2016)
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Benefit of Ra

Need reliable charge radius at <0.2% accuracy for atomic theory
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Relativistic coupled-cluster (CC) calculation of E1APV in Ra+

E1APV = 46.4(1.4) · 10-11 iea0 (−Qw/N)    (3% accuracy)

Other results:  

45.9 · 10-11 iea0 (−Qw/N)   (R. Pal et al., Phys. Rev. A 79, 062505 (2009), Dzuba et al., Phys Rev. A 63, 062101 (2001).)

Scaling	of	the	APV
increase	faster	than	Z3 (Bouchiat	&	Bouchiat,	1974)	

3
2/12/1 ZKnPHnS rW µ Kr relativistic enhancement factor

Atomic	Number

Z3
Ba+Sr+Ca+

Ra+
Z3Kr Ra+ effects 

larger by:
20  (Ba+) 
50  (Cs)

ª 5-fold improvement over Cs feasible in 1day

En
ha

nc
em

en
t

L.W. Wansbeek et al.,
Phys. Rev. A 78, 050501 

(2008)

K. Jungmann, L. Willmann, Workshop  
on Muonic Atom Spectroscopy (2016)
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185Re & 187Re spectra

Hyperfine structure + low-
lying nuclear levels

Highly complicated spectra

Need very detailed 
theoretical calculations to 
extract nuclear properties
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185Re

187Re

Energy [keV]

2p - 1s

2p - 1s E.g.: 
|2p3/2,I=5/2,F=1> → 
|1s1/2,I=5/2,F=2>

E.g.: 
|2p3/2,I=5/2,F=1> → 
|1s1/2,I=5/2,F=2>
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Extraction of quadrupole moments
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5g9/2 ! 4f7/2 hyperfine transition in Re-185

Stella Vogiatzi (ETH/PSI) October 2, 2018 20 / 33

Fit of the 5g-4f, 5f-4d HF transitions
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Measuring some other targets

Decided to measure some samples that are useful:
Gold: Has never been properly measured & published
Terbium/hafnium: Ideal test cases to extract quadrupole moments from 5-4 
transitions

Gold coin was a present to Finn ;-), Klaus brought terbium and hafnium from 
Cologne

�28

HafniumTerbiumGold
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Elemental analysis with negative muons

Elemental analysis with muonic x-rays
Depth profiling as a function of momentum
Proof-of-principle with stacks of foils

�29

Fig. 5. Photographs of the experiment setup. The picture on the left is the view from above and the picture on the right is from the side. The aerial picture shows the layout and angles of the
detectors to the sample. The side view shows a sample being held in place.

Fig. 6. This figure shows themomentum dependence of the X-ray emission. The lowest momentum shows just the Fe X-ray peaks and the highest shows just the Ag X-ray peaks, with Zn
and Cu at intermediate muon momentum. This data is from one detector only.

205A.D. Hillier et al. / Microchemical Journal 125 (2016) 203–207

Hillier et al.Measurements at ISIS

28.6 MeV/cFe

35 MeV/c

Fe

Ti
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Safety

Implemented full safety features for handling radioactive targets
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Gas cell

Beam line

Gate valve

600 μm carbon 
fibre window

10 μm mylar 
window

D2 bottle

H2 bottle

Pressure gauge
Active coal filter

Pump Active coal filter

Radioactive
target

Exhaust WEHA

Gamma dose  
monitor

Gamma dose  
monitor
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Muonic cascade

Muonic cascade after transfer favors 
higher np-1s transitions

Experimentally confirmed for many 
low- and medium-Z atoms
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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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Muonic cascade

One publication that claims that 
enhancement is not seen in high-Z atoms

Troubling as would like to predict our 
yields
Additionally need to do a cascade 
calculation to predict the relative 
strengths of all the HFS states
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Volume 74A, number 1,2 PHYSICS LETTERS 29 October 1979

by atomic cascade modelswhere the initial angular
6

- 4 i-states for the newly formedpzY atoms. Bearing this/ ~ ~ 5 momentum distributions are weighted to different
2 in mind, it is clear that the spectra of figs. la and b

5- C
— — — r- -± ti-’, — -r — r indicate that the distributions of initial angular momen-

0
K~ K~ K~ K

0 K~ K~ tum states are similar for pXe atoms formed through
-~ ~ H H

-~ both process (1) and (2).b) C~6.
5~ (iii) In order to describe the dc-excitation of (pzY)*

4 ~ \

0 - — ~ ~ ~ atoms formed by the transfermechanism, improvedcascade models should include the effect of the atomico number of the capturing element, besides the depen-3.5 4.0 4.5 5.0 350 450 dence on the formation channel. Experimental results
ML/3NC X-RAY ENERGY (MeV) MUONIC X-RAY ENERGY (4eV) on the K-line intensity ratios for intermediate atomic

Fig. 1. (a) and (b): Energy distributions of the muonic X-rays number pzY formed through process (1)would cer-
observed in the present measurements in the region correspond- tainly help to provide a more complete reference for
ing to the Lyman series of SUXe atoms. (a) (run 1): X5 spectrum these calculations.
from pXe atoms formed by direct muon stopping. (b) (run 2): (iv) The rates at which reactions (1) and (3) proceed
XMp spectrum from SUXe atoms formed via negative muon trans- and the muonic X-radiations released in these processes
fer from SUP atoms. The full lines are only drawn to guide the
eye. (c) and (d): Energy distributions of the muonic X-rays are different characteristics of the same transfer mecha-
observed in the region of the Lyman series of MA! atoms (from nism, and might be somewhat correlated. It is then inte-
ref [3]). (c): Xs spectrum from SUA1 atoms formed by direct resting to remark that, while it is for high-atomic num-
muon stopping. (d): X~pspectrum from MA! atoms formed ~ia ber elements that the transfer rates increase withZ [7]
negative muon transfer from SUP atoms.

(and also they become dependent on the mass [5] of
The XMP spectrum from pXe (see fig. ib) was de- the primary muonic atom), the opposite might well

tected stopping the negative muon beam in a gaseous be verified as far as regards the muon transfer effects
mixture of ultrapure hydrogen at 26 atm, contaminated on the line intensity ratios within the X~and XSUd
by 200 ppm of xenon (run 2), and collecting the de- radiations.
layed X-rays coming within an interval from 30 ns to
3 ps following the muon stopping time (at the present The authors are indebted to A. Sarti and G. Sicher
experimental conditions, reaction (1) (zY Xe) occurs for their continuous technical assistance, to the SC2
with an average transfer time of about 350 ns) [5]. machine staff for friendly collaboration, and to A.
As is seen from figs. la and b, the X5 and XMP Vacchi for his help during the runs. They also wish

Lyman spectra released from the de-exciting pXe atoms to thank E. Gabathuler and L. Monari for encouragement
look quite similar. In particular, no significant relative and support.
increase of the higher members of the K-series [1—3]
is verified for the ~ distribution withrespect to the [1] Yu.G. Budyashov, P.F. Ermo!ov, V.G. Zinov, A.D. Koninand A.I. Mukhin, Yad. Fiz. 5 (1967) 599 (english trans!.:
X~one. For comparison, the X~and XMP Lyman spec- Soy. I. Nuc!. Phys. 5 (1967) 426);
tra frompAl atoms (Z = 13) observed previously by G.Backenstoss et a!., Phys. Lett. 44A (1973) 447.
our group [3] are shown in figs. ic and d. From these [2] H.J. Pfeiffer, K. Springer and H. Daniel, Nuci. Phys. A254
figures, the following remarks can be outlined: (1975) 433.
(i) The marked effect [1—3]of the muon transfer [3] A. Bertin, F. Ferrari, I. Massa, M. Piccinini, G. VanniniandA. Vitale, Phys. Lett. 68A (i978) 201.

process (1) on the Lyman series of the pzY atoms is [4] A. Bertin, F. Ferrari, I. Massa, M. Pjccinini, G. Vannini
vanishing for a high-atomic number element like Xe. and A. Vitale, Phys. Lett. 72A (1979) 319.
This is the first experimental evidence of a strong de- [51 See, e.g., A. Bertin, M. Bruno, A. Vita!e, A. Placci and
pendence on Z of the K lines intensity ratios for trans- E. Zavattini, Phys. Rev. A7 (1973) 462.
fer-generated muonic atoms. [6] A.Bertin, I. Massa, M. Piccinini, A. Vacchi, G.Vanniniand A. Vitale, Phys. Lett. 78B (1978) 355.
(ii) K-series structure modifications like those re- [7] See, e.g., A. P!acci, E. Zavattini,A. Bertin and A.Vita!e,

ported in figs. ic and d for pAl can be reproduced [2] Nuovo Cimento 52A (1967) 1274; and references therein.
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Measurements with noble gases

Performed measurements in pure Ar, Kr, 
Xe and corresponding mixtures with H2

Effect of enhanced np-1s clearly seen 
also in Xe

Detailed yields under investigation
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Figure 17: Summed energy spectra for the np� 1s transitions in muonic argon, krypton, and
xenon. Overlaid are the histograms normalized to incoming muons for the cases of
the pure noble gas and a mixture with hydrogen.
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Transfer Probability in Gold
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Figure 13: Transfer probability in gold layers of various thicknesses as a function of dµ energy.
Calculated according to [15, 16].

During the course of the measurements with the ultra-thin targets described below we real-
ized that small variations in the thickness of the carbon fiber window required a readjustment
of the beam momentum by around 0.25 MeV/c. Once we were aware of this we reused always
the same window such that this adjustment was not necessary anymore. However, this shows
how sensitive the stopping distribution in the gas cell is to variations of the upstream material
budget and how important it is to have material at the end of the gas cell for which the muonic
X-rays are easily measurable and which thus allows to detect such changes.

5.3 Transfer to ultra-thin targets

In order to investigate the transfer to ultra-thin targets, we have performed a series of mea-
surements with di↵erent gold targets. We had a total of four gold targets that covered the
full 25 mm diameter such as shown in Fig. 4. Three of those were gold layers evaporated
onto a copper foil with thicknesses 50, 10 and 3 nm, while the fourth one was a 3 nm gold
layer evaporated onto a kapton foil. Comparing the copper and kapton backing we tried to
experimentally determine whether there is a significant backscattering e↵ect happening for dµ
atoms that did not transfer in the gold layer and thus penetrate the backing material.

We have calculated the transfer probabilities for the various gold layer thicknesses according
to [15, 16] and show the results in Fig. 13 as a function of energy. The simulation described in
the previous section also provides the energy spectrum of dµ atoms hitting the gold target. Due
to the stopping distribution being very close to the target the energy distribution is quite wide
with a large fraction of fully thermalized dµ atoms but also extending all the way to 45 eV.
The average kinetic energy is around 20 eV and strongly depends on deuterium concentration
and stopping position. The prediction for the transfer probability in the gold layers of 50, 10,
and 3 nm convoluted with the energy spectrum is 100, 71, and 31%, respectively.

The results of the measurements for the various targets employed are shown in Table 2. In
order to extract the transfer e�ciency ✏ we calculated

✏ =
N�

Nµ

1

✏trans✏detb
(1)
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Puzzle of deuterium concentration
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82 7. Target simulations for the muX experiment
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Figure 7.6.: ??? caption

the fact that the average transfer times we observed in the experiment have
always been distinctly smaller than the simulated time distributions (as given
in Fig. 7.4) predicted.

In order to investigate the problem of the mismatch between experiment and
simulation further, let us first have a look at the structure of the gas system
used during the muX beamtime 2018, which is illustrated in Fig. 7.6. The
target cell (in red) is connected with the control unit by a tube of 3300mm
length and 4mm inner diameter. The control unit includes gas inlets for H2

and D2 and a connection to the pump, as well as manometers for various
pressure ranges. To prepare a gas mixture, one first fills the gas system with
a pressure of D2 which corresponds to the desired concentration. After that,
one adds H2 gas on top until the pressure reaches 100 bar. Up to now, it was
assumed that this procedure ensures su�cient mixing of the D2 and H2 gas
components within the gas system. Due to the discrepancy between simula-
tion results and measurement, we have performed measurements to evaluate
the mixing performance of the gas system. For the measurements we have
modified the tube between the gas cell and the control unit to be only about
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2.4). This peak is not visible in the plot for a deuterium concentration of
cD = 2.0%. Here, the deuterium concentration seems to be too high already,
so that the µd atoms are slowed down significantly by scatterings with D2

molecules. Figure 7.4 b) shows the according time spectra of the target hits.
All distriubtions exhibit tiny peaks in the first nanoseconds of the event which
correspond to the direct transfer from µp atoms to the target disk without
isotopic exchange. The main peaks of the distributions (cD > 0) correspond to
µd atoms arriving at the target disk after isotopic exchange. The higher the
concentration of D2 is in the gas cell, the earlier the isotopic exchange occurs,
which results in an earlier and narrower transfer peak of the time distribution.

In the muX beamtime 2018, we have scanned various beam momenta and
deuterium concentrations to find the optimal configuration with which the
highest transfer e�ciency is yielded. For the parameter scans, we have used
a target of gold plated on a copper disk. For each parameter setting, we have
evaluated the number of x-rays in the 2p-1s lines of muonic gold after some
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2.4). This peak is not visible in the plot for a deuterium concentration of
cD = 2.0%. Here, the deuterium concentration seems to be too high already,
so that the µd atoms are slowed down significantly by scatterings with D2

molecules. Figure 7.4 b) shows the according time spectra of the target hits.
All distriubtions exhibit tiny peaks in the first nanoseconds of the event which
correspond to the direct transfer from µp atoms to the target disk without
isotopic exchange. The main peaks of the distributions (cD > 0) correspond to
µd atoms arriving at the target disk after isotopic exchange. The higher the
concentration of D2 is in the gas cell, the earlier the isotopic exchange occurs,
which results in an earlier and narrower transfer peak of the time distribution.

In the muX beamtime 2018, we have scanned various beam momenta and
deuterium concentrations to find the optimal configuration with which the
highest transfer e�ciency is yielded. For the parameter scans, we have used
a target of gold plated on a copper disk. For each parameter setting, we have
evaluated the number of x-rays in the 2p-1s lines of muonic gold after some
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