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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
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Atomic parity violation fixes weak interaction 
properties at low momentum

LETTER RESEARCH

‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = ! +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, !) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 " 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2!W, the fundamental  
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Fig. 3 | Variation of sin2!W with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
"/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach "/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
!h for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at !h = tan!1(nd/nu) = tan!1(1/2) = 26.6° and 
206.6° correspond to "!/g = 8.4 TeV and "+/g = 7.4 TeV in equation (4), 
respectively.
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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

4

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

5

μ- 

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

6

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

4

Figure 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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High-pressure target cell

Germanium detector array



Andreas Knecht

Optimisation of transfer

Optimisation of transfer process inside gas cell 
using a 50 nm thick gold target
Good understanding of all processes
Good matching of simulation and data 
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3. Analysis

Figure 3.79: The absolute muon transfer e�ciency for 0.25% D2 admixture
and a total pressure of 100bar as a function of beam momentum for the beam
time campaign 2019.

atoms. As the deuterium admixture is increased, a delayed peak becomes
more prominent, which is due to the double muon transfer in the gas mixture.
With higher deuterium admixture this peak shifts to lower times since the
transfer µp� µd happens faster after the atomic capture of the muon.

The time spectrum was extracted from the measurement for an energy range
of 5582 � 6002keV around the muonic gold line 2p1/2- 1s1/2 at 5592keV.
This time spectrum is contaminated by background. The background is esti-
mated and removed by determining the time spectrum for the range 5522�
5532keV and the range 5652�5662keV. The corresponding time spectra are
subtracted from the original time spectrum. The e�ect of this procedure is
displayed in Figure 3.81 for a deuterium admixture of 1.5%. The resulting
time spectra for the measured deuterium admixtures of 0.1%,0.25%, 0.75%
and 1.5% are normalized in such a way that the integral of the time distribu-
tion is 1. Finally, the measured time spectra are compared with the simulated
time spectra. The results are plotted in Figure 3.82. The simulated time spec-
tra show good agreement with the measured spectra.

In Figure 3.83 the time spectra of the muon-catalyzed fusion line is plotted
for various gas mixtures at a momentum of p = 27.25MeV/c. Figure 3.84
illustrates the normalized time spectra of the fusion line for both fillings

204

3. Analysis

Figure 3.77: The absolute muon transfer e�ciency for a constant momentum
of p = 27.25MeV/c, a total pressure of P = 100bar and as a function of the
deuterium admixture for the beamtime 2019.

shows an increasing fusion yield for larger deuterium admixture. The fusion
yields measured for 0.75% and 1.5% demonstrate a saturation e�ect with
the increasing deuterium admixture. The gold yields have a maximum at a
deuterium admixture of 0.25% for the four available gas mixtures. This is
the reason that for the beamtime of 2019 (see Section 2.9.6) the gas mixture
with a deuterium admixture of 0.25% and the momentum of 27.25MeV/c
was used for the muonic X-ray experiments with curium and radium.

Transfer E�ciency - Measured and Simulated Values

In this part of the work, the determined transfer e�ciencies for the gold
targets of the beamtime 2019 are presented. The measured values are com-
pared with simulations performed by J. Nuber. The simulations are based
on his master thesis [38]. Figure 3.77 shows the transfer e�ciency for p =
27.25MeV/c as a function of the deuterium concentration and for two di�er-
ent time cuts (see Section 3.5.2). All measured points agree within the uncer-
tainties with the simulated values. For the low concentrations at cD = 0.25%
and cD = 0.1% the measured transfer e�ciencies for the time cut of 500ns
are slightly higher than the simulated values.
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3.5. Gold Measurements and Transfer E�ciency

(a) 0.1% (b) 0.25%, filing 1

(c) 0.25%, filling 2 (d) 0.75%

(e) 1.5%

Figure 3.82: The measured normalized time spectra (grey) and the simulated
time spectra for the di�erent gas mixtures of the gold measurement 2019.
The beam momentum was fixed to 27.25MeV/c. The corresponding simula-
tions of the di�erent gas mixtures are also given in Figure 3.80.

207

Figure 1: Comparison of our measured transfer efficiency – defined as the amount of muonic
gold X-rays produced per muon entering the gas cell – with simulation. Top: Depen-
dence of the transfer efficiency on the muon beam momentum. Middle: Dependence
of the transfer efficiency on the deuterium concentration in the gas cell. Bottom:
Comparison of the measured and simulated (in the foreground) time evolution of
the emitted gold X-rays.
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Measurement with microgram gold target

Measurement with 5 μg gold target as proof-of-principle
Spectrum taken over 18.5 h
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Figure 14: Top: Spectrum of muonic X-rays from 5 µg of gold taken during 18.5 h. The lines
at 5.59 and 5.76 MeV are from the muonic 2p� 1s transition. The line at 5.5 MeV
is from pµd fusion and the ones at 5.45 and 5.78 MeV are calibration lines from
muonic 208Pb. Bottom: 2d spectrum showing the muonic X-rays as a function of
time (tDi↵) after a hit in the muon entrance detector.
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0.2% shift in 
charge radius 
→ 10 keV shift in 
transition energy
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Radioactive targets 2019

Made by a combination of electroplating and drop-on-demand printing by Institut für 
Kernchemie, Mainz
Difficult to make thin targets that have only very little organic contamination
We did not observe anything from 4.4 μg radium target; only hints from 1.4 μg target
For both curium and radium target we suffered from palladium contamination —> only 
about 1/3 of muons went to target material

9

15.5 μg 248Cm target 4.4 μg 226Ra target 1.4 μg 226Ra target
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Results radioactive targets
Performed detailed analysis of 
data taken in 2019 focusing on 
techniques to improve signal to 
background in region of 
interest

Observed very nice muonic 
curium spectrum with 
promising first fit results of 
hyperfine structure

No clear indication for muonic 
radium X-rays. Especially for 
correct peak assignment of the 
hyperfine structure need 
clearly resolved peaks 
→ will need to re-measure
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Figure 10: Preliminary fit of the FE (solid, light blue) and SE (dashed, light blue) 2p ! 1s hy-
perfine transitions in 248Cm as detected by the Miniball array of the HPGe detectors
in 2019 in prompt coincidence (�50 ns to 500 ns) with the muon entrance counter
after the subtraction of the 2p ! 1s peaks in 208Pb. The Doppler broadened 6.3 MeV
muon capture line (FE, SE) in oxygen (dark blue) and the 6.47 MeV peak (magenta)
are fixed in the fitted function.

radium for 2023. The plans for 2022 that target these all important target making develop-
ments are described in the next section.
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Theoretical calculations 
by N. Oreshkina, MPIK 
Heidelberg

Muonic 248Cm spectrum & preliminary fit
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Figure 11: The �-ray energy spectrum of the 1.35 µg 226Ra target as detected by the Miniball
array of the HPGe detectors in 2019 in prompt coincidence (�50 ns to 250 ns) with
the muon entrance counter. The spectrum is shown after the implementation of
the baseline correction, energy calibration, anti-coincidence with the electron veto
counters, clustering analysis, and lead subtraction.

6 Plans for 2022

With the measurement of the muonic radium X-rays not being successful, it is important to
make progress in 2022 towards improved targets that are better suited for the muX method.
We will pursue two different avenues: i) further developments in the “conventional” methods
of drop-on-demand and molecular plating, that were employed for the targets of 2019 [6] and
ii) tests of targets where the elements of interest are implanted into a glassy carbon backing
using an ion beam (Section 6.1). Based on the outcome of these developments and tests in
2022, we will be in the position to choose the most promising method to produce another
radium target for a measurement in 2023.

The implantation method also opens the possibility to measure other elements of interest,
such as e.g. potassium isotopes (Section 6.2). These elements are at much lower Z compared
to the targets used in muX so far, where background levels are much higher (but also detector
efficiencies) and even more care has to be taken in choosing the right materials for all ele-
ments exposed to the muons. For this reason, we plan to measure in 2022 a first, implanted
potassium target to test the feasibility. As these low-Z isotopes are not part of the original
proposal, their measurement currently foreseen for 2023 would be covered in an addendum
to the muX proposal.

6.1 Test of implanted gold targets

When muonic X-ray spectroscopy is performed on materials that are not available or safe to
handle in bulk quantities, specialized samples need to be created. These are macroscopic but
contain only a microscopic amount of the desired target material. A promising method to

15

Spectrum in the region of expected  
muonic radium X-rays
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Plans for 2022
Targetmaking still critical component for 
the muX method:

Further developments planned in 2022 
in conventional methods (plating & 
printing)
Additionally test suitability of using 
shallow implanted targets
At the end of 2022: decide on best 
method for radium target and 
potentially measure in 2023

Advantages of implanted targets:
Pure samples
Sample material protected

Test:
Perform gold implantations at different 
depths, characterise using RBS and 
measure yield of muonic X-rays
Compare to targets with gold coating

11

Test 2018: 30% of muons pass through  
100 nm graphite layer

Depth (nm) Ebeam (keV) Straggling (nm)
5 0.9 0.9
10 4.5 1.8
25 27 3.9
50 90 6.9

100 250 12.1

Table 1: Desired projected ranges, required beam energies and estimated straggling for 197Au,
obtained from SRIM.

Due to its high stability at high temperatures, Sigradur G has gained interest for high tem-
perature annealing. In this context, some studies have compared the experimental depth
profile and straggling with SRIM simulations [26, 30–32]. Here the general conclusion seems
to be that the mean depth of the simulations is accurate to about 5%, while the straggling is
typically underestimated significantly (in some cases nearly by a factor 2). A comparison of
the ion distribution of selenium obtained via SRIM simulations and experimental methods is
shown in Figure 12. The depth profile of implantation in Sigradur K has unfortunately not
been investigated as thoroughly. A study on potassium implantation found that the obtained
depth matched SRIM simulations relatively well, but no in-depth comparison was reported
[33].

Figure 12: Comparison between ion distributions obtained from SRIM simulations and RBS.
Image courtesy [32]

Due to different implantation parameters, these studies can only provide a general indica-
tion of what is to be expected. Rutherford Backscattering Spectrometry (RBS) shall be per-
formed to measure the depth profile of our samples experimentally. Specialized software
(e.g. Rutherford Backscattering Spectroscopy analysis package RUMP) will be used which
allows an elemental analysis as well as a conversion from the obtained energy spectrum to a
depth distribution. Subsequently, the experimental depth profile will be compared to that of
SRIM simulations.

17

Parameters for gold implantation:
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Plans for 2022
Together with the implanted 
gold targets we would also like 
to test whether we can use the 
muX methods for low-Z targets.
This would open the possibility 
for other interesting charge 
radius measurements, e.g. the 
potassium isotopes, where 
absolute measurements could 
reduce theory uncertainties 
→if successful to be followed up 
in an addendum to the muX 
proposal
Challenge with low-Z targets are 
the higher background, more X-
ray and gamma peaks, but also 
much higher detection efficiency
Will need to find a replacement 
for our Ti support grid for the 
entrance window
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Figure 8: Comparison of the X-ray energy spectra in three configurations as measured by the
array of HPGe detectors in prompt coincidence (�50 ns to 750 ns) with the muon
entrance detector and in anti-coincidence with the electron veto detectors: i) 248Cm
data taking, ii) gas cell as for curium data taking but without curium target and
titanium grid, iii) gas cell containing only the polystyrene shields and no titanium
or CF grids. The spectra are scaled to the number of muons detected in the muon
entrance counter.

transfer. The total branching ratio was increased to 6 · 10�4, leading to a clear peak in the
singles energy spectrum with a signal-to-background ratio of 1/10 (Fig. 4 in Ref. [11]).

In a high-purity germanium detector, Compton scattered (n > 2)p � 1s X-rays form the
main background in the region of interest (ROI). In 2017 one week was dedicated to studies
aiming to suppress this background through X-ray X-ray coincidences, i.e., selecting events
where the muon passes through the 2s level by requiring a coincidence with a photon with
the energy of a (3/4/5/...)p � 2s transition. This approach was only partially successful, as
satellite peaks arise in the ROI originating from scattered 3p� 1s and 4p� 1s X-rays. For this
year’s beam time application [11], we demonstrated using Monte Carlo techniques that these
satellite peaks can be suppressed significantly with an optimized detector geometry.

4.6.1 Detector configuration

The geometry of our germanium detector array used for the 2017 and 2018 runs was fixed,
with the angles between crystals ranging from 30 to 100 degrees. Monte Carlo simulations
performed afterwards showed that this was an unfortunate range of angles, with no chance
of disentangling the 2s�1s X-rays from the scattered photon satellite peaks. For angles above
110 degrees, the ratio of signal to satellite peak should be >1 (Fig. 9). The geometry given by
the Miniball detector array frame (see Sec. 2) allows for a more flexible detector arrangement.
During the service period of week 44 we have repositioned the detectors, forming two groups
of four MiniBall cluster detectors on opposite sides of the 64Zn target, with most detector pair
angles in the required range (Fig. 10).

Our Zn foil was mounted in an elongated 8 cm long PVC snout to remove conflicts between

11
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Beamtime request 2022

3 weeks of beamtime in piE1 
In conjunction with MIXE and OMC4DBD in order to operate common germanium 
detectors and equipment during October-December 2022 period

1 week of setup plus detector tuning plus beam & transfer optimisation
2 weeks of data taking: measure transfer efficiencies of the different gold and low-Z 
implanted targets plus comparison with “standard” coated targets

13
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Palladium lines
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