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An experiment addressing electron capture (EC) decay of hydrogen-like 142Pm60+ ions has been 
conducted at the experimental storage ring (ESR) at GSI. The decay appears to be purely exponential and 
no modulations were observed. Decay times for about 9000 individual EC decays have been measured 
by applying the single-ion decay spectroscopy method. Both visually and automatically analysed data can 
be described by a single exponential decay with decay constants of 0.0126(7) s−1 for automatic analysis 
and 0.0141(7) s−1 for manual analysis. If a modulation superimposed on the exponential decay curve 
is assumed, the best fit gives a modulation amplitude of merely 0.019(15), which is compatible with 
zero and by 4.9 standard deviations smaller than in the original observation which had an amplitude of 
0.23(4).

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Highly charged ions (HCI) offer unrivalled opportunities for pre-
cision weak decay studies [1–3]. In contrast to neutral atoms with 
complicated effects of many bound electrons [4], nuclei with none 
or just a few orbital electrons represent “clean” quantum mechan-
ical systems. The decay properties of HCIs can significantly be dif-
ferent from the ones known in neutral atoms [5–17]. A straightfor-
ward example is the orbital electron capture decay which is simply 
disabled in fully ionised atoms. Furthermore, HCIs enable investi-
gations of exotic weak decay modes that are strongly suppressed 
or even forbidden in neutral atoms [1,2]. A striking example of 
such a decay mode is the bound-state beta decay [18–24].

An essential prerequisite for weak decay studies of radioactive 
HCIs is their production in a defined high atomic charge state 
and their controlled storage in this charge state over a sufficiently 
long period of time. The facilities at the GSI Helmholtz Center for 
Heavy Ion Research in Darmstadt are ideally suited for weak decay 
studies of HCIs. The GSI accelerator complex consists of three key 
elements [25]: the heavy-ion synchrotron SIS18 [26], the projectile 
fragment separator FRS [27] and the heavy-ion cooler storage ring 
ESR [28]. Except for a few exceptions, all experiments on radioac-
tive decays of HCIs were conducted at the ESR, see Refs. [29–31]
and references cited therein.

An intriguing observation was published in 2008 where modu-
lated electron capture (EC) decays of hydrogen-like 140Pr58+ and 
142Pm60+ ions were measured in the ESR [32]. Both, 140

59 Pr and 
142
61 Pm nuclei can decay via the three-body β+ and two-body 

EC pure Gamow-Teller (1+ → 0+) transitions to stable 140
58 Ce and 

142
60 Nd nuclei, respectively [33].

The modulated decay constant can be approximated by

λ̃EC = λEC · [1 + a · cos(ωt + φ)], (1)

with the unmodified EC decay constant λEC and an amplitude a, an 
angular frequency ω and a phase φ of the modulation. Very similar 
frequencies ω = 0.89(1) rad s−1 and 0.89(3) rad s−1 as well as am-
plitudes a = 0.18(3) and 0.23(4) and quite different phases 0.4(4) 
rad and −1.6(5) rad were measured for 140Pr58+ and 142Pm60+
ions, respectively [32]. The averaged amplitude is 〈a〉 = 0.20(2).

The peculiarity of that experiment was that only a very few 
ions (on average 2 ions) were stored simultaneously in each injec-
tion of the ions into the ESR. For more details see section 2. This is 
the so-called single-ion decay spectroscopy method. The advantage 
of this approach is that each individual EC decay was identified 
and its time was accurately determined. The clear disadvantage 
was the very limited accumulated counting statistics. In the first 
experiment merely 2650 (2740) EC decays were measured from 
7102 (7011) injections into the ESR of 140Pr58+ (142Pm60+) ions, 
respectively. Because of the small counting statistics the statistical 
significance of the observed effect was not very high (about 3σ ).

The observation of the modulated weak decay caused an inten-
sive controversial discussion in the literature. For a non-exhaustive 
list the reader is referred to Refs. [34–73] and references cited 
therein. It was therefore essential to experimentally confirm the 
observation on a higher statistical level. Furthermore, it was impor-
tant to identify physical quantities responsible for the modulation 
parameters.

Several attempts were performed by selecting different mass 
numbers, different charge states and different decay modes for 
ions in different experiments at the ESR since 2008. However, ex-
cept for the case of hydrogen-like 122I52+ ions [30,47,74], no sta-
tistically significant modulated decays were observed. Although in 
the case of 122I52+ ions an indication of a considerable modulation 
has been observed [54,65,74–76], the signal-to-noise characteris-
tics of the obtained spectra had questioned the overall quality of 
the measured data. Different data analyses did not converge and 
the final experimental results remained unpublished. Therefore, it 
has been decided to repeat the very first experiment on one of the 
originally used hydrogen-like ion species. The choice was made to 
use 142Pm60+ ions. In order to increase the reliability of the mea-
sured data, a significant effort has been put into the improvement 
of the detectors and the data acquisition system (see section 2).

The experiment was repeated in 2010 [77]. A newly developed 
detector system (see section 2) has been employed together with 
the older system used in Ref. [32]. Altogether 17460 injections 
into the ESR of on average four parent 142Pm60+ ions were done. 
In total 8665 EC decays were recorded. No significant modulation 
was observed in this entire data set [77]. However, a technical is-
sue has been identified which might have caused a considerable 
systematic uncertainty. In order to determine the decay time, it 
is essential to know the production time of each ion. This re-
quires that the ring is emptied before the fresh ions are injected. 
Several indications of remaining ions from the last measurement 
cycles were documented during the experiment, which indicated 
that there was a systematic problem with the employed emptying 
procedure [78]. Under such conditions the determination of the 
decay times relative to the time of ion production would become 
impossible. This could strongly influence the measurement results. 
Therefore, a differential analysis of the data has been done. A long 
series of 3594 EC decays in 7125 consecutive injections was es-
tablished. A fit using Eq. (1) of these 3594 EC decays indicated 
the presence of a modulation with amplitude a = 0.107(24), an-
gular frequency ω = 0.884(14) rad s−1, and phase φ = 2.35(48)

rad [77]. Striking was the angular frequency which was in excel-
lent agreement with the one measured in the original experiment 
(see Table 2). Whereas the different amplitudes might be due to 

http://creativecommons.org/licenses/by/4.0/
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the technical reason mentioned above, the different phases could 
not been explained.

Inconsistency of results from performed experiments ques-
tioned the validity of the original observation. A dedicated EMMI 
(ExtreMe Matter Institute) Rapid Reaction Task Force was called 
together in July 2014 [79] to thoroughly discuss all aspects of 
all performed experiments as well as published and unpublished 
data. As a result, a recommendation was made to GSI management 
board to repeat the experiment under conditions as close as possi-
ble to the ones during the very first experiment reported in 2008 
[32].

The new experiment, addressing EC decay of hydrogen-like 
142Pm60+ ions was conducted in Autumn 2014. The state of the art 
detector equipment has been used offering significantly increased 
sensitivity as compared to the measurement in Ref. [32]. In this 
work we report the results of this measurement at the ESR.

2. Experimental method

The experiment involved all major accelerator structures of 
GSI, namely universal linear accelerator (UNILAC), heavy ion syn-
chrotron (SIS18), fragment separator (FRS) and experimental stor-
age ring (ESR). In order to avoid any possible distortions or influ-
ences, there were no other experiments running in parallel at the 
SIS18.

As in the previous experiments, the primary beam of 152Sm has 
been used. Several pulses of primary beams were accumulated and 
electron cooled in the SIS18. The beam was then accelerated to 
relativistic energy of ESIS18 = 607.4 MeV/u and extracted towards 
the production target placed at the entrance of the FRS. In the 
employed fast extraction scheme, the entire beam was guided out 
of the SIS18 within one revolution, that is within 1 μs.

Before reaching the target, the beam passed through a neg-
ligibly thin carbon window and a SEETRAM (SEcondary Electron 
TRAnsmission Monitor) detector which consists of one titanium 
foil of 10 μm thickness sandwiched between two aluminium foils 
of 14 μm thickness each [80]. A 2511 mg/cm2 thick 9Be was used 
as a target. Different ion species were produced in projectile frag-
mentation reactions. The fragments were kinematically focused in 
forward direction and entered the FRS. Among them were the 
142Pm ions of interest in different atomic charge states. Accord-
ing to LISE++ [83–85] and MOCADI [82] calculations 142Pm ions 
emerged from the target with energies of about 458 MeV/u. The 
target thickness was large enough to safely assume the equilibrium 
charge state distribution of the fragments. According to calcula-
tions with the GLOBAL code [81], about 84% of Pm ions exited the 
target as fully-stripped, bare nuclei. Therefore, the FRS magnets 
until the middle focal plane were set such that the fully-ionised 
142Pm61+ ions are centred in the ion-optical system. The extrac-
tion time of 1 μs represents the uncertainty of the creation time of 
142Pm ions.

The daughter ions of the EC decay of the hydrogen-like 
142Pm60+ ions are bare 142Nd60+ nuclei. It was important to re-
move all contaminants that can produce 142Nd60+ ions through 
various other channels during the storage in the ESR. For instance, 
142Nd60+ can be produced from 142Nd59+ via stripping the bound 
electron in the rest gas of the ESR. Also, the presence of parent 
ions in other charge states should be excluded. An energy degrader 
composed of a 737 mg/cm2 aluminium disk and 256 μm niobium 
foil has been used at the middle focal plane of the FRS to enable 
the Bρ − �E − Bρ separation method [86], where Bρ and �E
stand for magnetic rigidity and atomic energy loss, respectively. By 
selecting the fully-ionised 142Pm61+ ions in the first half of the 
FRS, no 142Nd ions were transmitted to the degrader. The usage of 
a niobium foil shall optimise the production of the hydrogen-like 
Fig. 1. Example of the measured traces of stored 142Pm60+ and 142Nd60+ ions in the 
ESR. More than six 142Pm60+ were stored in this example. Also a single EC-decay 
daughter ion, 142Nd60+ , in a frequency-time after injection representation is present 
from the beginning. The vertical scale is zoomed on the first 10 seconds of the 
measurement to illustrate the duration of stochastic cooling. The injection of ions 
into the ESR occurs at 0 seconds. The stochastic cooling is operated from 0 to about 
4.5 seconds. The electron cooling is operated all the time at unchanged parameters 
without interruptions. Cooling individual ions by the cooler electrons is clearly seen 
from 4.5 seconds up to about 6 seconds.

ions. According to the GLOBAL code [81], about 10% of Pm ions 
were in the hydrogen-like charge state after the Nb foil. The sec-
ond half of the FRS was set such that 142Pm60+ ions are centred in 
the ion-optical system. Nearly pure beams of 142Pm60+ ions have 
been transmitted to and injected into the ESR. The energy of the 
primary 152Sm beam has been selected such that 142Pm60+ ions 
reached the ESR with an energy of EESR = 400 MeV/u. The cali-
bration of all material thicknesses and the optimisation of beam 
injection into the ESR has been done with the primary beam.

The 142Pm60+ ions were cooled in the ESR by employing 
stochastic [87] and electron [88] cooling. The former method op-
erates at a fixed ion velocity corresponding to EESR = 400 MeV/u. 
In this experiment the stochastic cooling could be optimised such 
that its operation time was about 4.5 seconds, see Fig. 1. The elec-
tron cooling was continuously switched on with unchanged pa-
rameters. In this experiment the electron current of 250 mA and 
the acceleration potential of 219850 V have been used. These pa-
rameters were optimised for the cooling electrons to match the 
velocity of the ions after the stochastic cooling. The velocity spread 
of the cooled ions was about �v/v ≈ 5 · 10−7. The ions coasted in 
the ring with a velocity β = v/c = 0.71 corresponding to relativis-
tic Lorentz factor of γ = 1.43. The acceptance of the ESR has been 
reduced by inserting copper scrapers into its aperture to remove 
any products of atomic charge exchange reactions or three-body 
beta decays of the ions of interest.

The observation time was set to 64 seconds, which is compa-
rable to the expected halflife of 142Pm60+ in the laboratory frame 
of about 56 seconds [14]. Afterwards an extraction kicker has been 
used to empty the ESR. Additional 6 seconds were recorded after 
the kicker event to confirm the emptying of the ESR. One example 
of the measured spectra is shown in Fig. 2. In order to ensure that 
the kicker modules function properly, their voltage versus time 
responses at each operation were stored on disk. It has to be em-
phasised that the overall stability and reliability of the system has 
been significantly improved. Only very few events have been ob-
served when the kicker equipment failed [78].

The decays of 142Pm60+ ions were measured with time-resolved 
Schottky mass spectrometry [89–92]. Since the velocities of the 
ions were defined by the electrons of the cooler, their revolution 
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Table 1
Summary of key characteristics of the three experiments.

Year Ion Number of decays Detector Data acquisition Analysis Ref.

2008 140Pr58+ 2650 capacitive Sony-Tektronix manual [32]
2008 142Pm60+ 2740 capacitive Sony-Tektronix manual [32]
2010 142Pm60+ 8665 capacitive, resonant Sony-Tektronix, RSA3303B manual, automatic [77]
2010∗ 142Pm60+ 3594 capacitive, resonant Sony-Tektronix, RSA3303B manual, automatic [77]
2014 142Pm60+ 9001 resonant RSA5103A, RSA5126A, NTCAP manual, automatic this work

∗ subset of data, see text.
Fig. 2. Example of the measured EC decays of stored and cooled 142Pm60+ ions. The 
vertical axis is zoomed from the measured range of 0 − 70 seconds. Two EC decays 
are clearly seen at about 58 and 63 seconds after the injection of the ions into the 
ESR. As has been shown in [77], neutrinos are emitted isotropically indicating that 
the stored 142Pm60+ ions are unpolarised. The longitudinal component of the re-
coil (due to the emitted neutrino) of the daughter ion is reflected by the frequency 
difference between the frequency at which the daughter ion appears after the de-
cay and its frequency when cooled by the electrons. The tail at 58 seconds shows 
that the recoiling ion was slowed down by the electrons (to smaller revolution fre-
quencies), which means that the neutrino was emitted in the direction opposite to 
the ion motion. Vice versa is the case of the tail at 63 seconds. The disappearance 
of both ion species at 64 seconds is due to the implementation of the kicker mag-
net pulse for safe and controlled emptying the ESR prior to the injection of newly 
produced 142Pm60+ ions.

frequencies reflected directly their mass-to-charge ratios. A non-
destructive Schottky detector was used to continuously monitor 
the frequencies of stored ions. In the first experiment only a ca-
pacitive parallel-plates detector has been used [93]. When using 
this capacitive detector, an averaging over 384 ms was required to 
detect single stored HCIs, see [32] for more details. Although the 
detection of the first EC decay was sufficiently accurate, the low 
signal-to-noise ratio could lead to systematic errors in the identifi-
cation of the second and further decays occurring within the same 
storage period. This effect is amplified by the fact, that Schottky 
signal fluctuations increase with increasing the signal amplitude 
[93]. Therefore, significant efforts were made to increase the sen-
sitivity of the detector. A dedicated cavity-based resonant Schottky 
detector was developed for our experiments [94]. This resonant 
detector has signal-to-noise characteristics which are at least one 
order of magnitude higher than the capacitive detector. The sum-
mary of experimental parameters is given in Table 1.

The principle of the cavity-based Schottky detector is similar to 
that of a transformer. The revolution frequencies of the ions in the 
ESR were about 1.96 MHz. The detector has its maximal sensitiv-
ity at the 125th harmonic of the revolution frequency at around 
245 MHz. The signal acquired by the detector was amplified by 
low-noise pre-amplifier (BNZ1035, gain 39 dB), amplifier (ZKL1R5+, 
gain 40 dB), passed through low- and high-pass filters, and then 
transported from the ESR to the main control room located about 
380 m away. The details of the signal chain and specifications of 
the employed high frequency parts can be found in [95].

In the control room the signal was split and put into several 
data acquisition systems. The main recording system in this ex-
periment was composed of two real-time spectrum analysers from 
Tektronix, RSA 5103A and RSA 5126A, which were set to moni-
tor 10 kHz and 15 kHz frequency bandwidths (125th harmonic) 
around the central frequency of the cooled 142Pm60+ ions, respec-
tively. The online monitoring was done with the real-time spec-
trum analyser Tektronix RSA 3303B, which was used instead of the 
older Sony-Tektronix employed as the main acquisition system in 
[32]. Another signal was taken to the New Time CAPture (NTCAP) 
system which is a broad-band real-time recording system devel-
oped by the collaboration [96,97]. The RSA devices can record a 
very limited frequency bandwidth of a few kHz. In contrast, the 
NTCAP system is capable to monitor several MHz bandwidth [96]. 
Different acquisition devices employed in the three experiments 
are summarised in Table 1.

The parameters of the spectra recorded in the very first ex-
periment by the Sony-Tektronix device (frequency resolution, win-
dowing function of the Fourier transform) had to be fixed prior 
to the measurements. Different to this, the data acquired in 2010 
and 2014 experiments are in the raw format allowing for flexible 
optimisation of parameters in the production of spectra. Three-
dimensional plots in this work are made from data acquired with 
RSA 5103A device. Each file contains 1.7 million complex sam-
ple points acquired with 24.4 kilosamples per second. The spectra 
are produced with multi-taper digital transform without window-
ing. The full measurement cycle of 70.0 seconds is represented by 
1669 frequency spectra. The frequency and time resolutions are 
23.84 Hz/channel and 41.94 ms/channel, respectively.

Fig. 2 shows an example of the measured EC decay. The mass 
of the ion changes in the decay and (if the number of particles 
is not large) the decay event is unambiguously observed by the 
reduction of the Schottky signal at the frequency corresponding 
to the parent ion and correlated in time with the increase of the 
signal at the daughter-ion frequency. Due to the recoil momentum 
from neutrino emission, the longitudinal velocity is a bit off the 
cooling velocity, leading to a “cooling tail”.

3. Results

The data analysis has been performed by several independent 
groups. Each group has inspected each recorded 70-s file visually. 
The following information has been collected from each file:

• Number of injected ions. This has been done by zooming onto 
the first few seconds, as illustrated in Fig. 1, and counting the 
number of “cooling tails”;

• The decay time of each EC-decay. This has been done by zoom-
ing onto each decay event (see Fig. 2). The time bin was taken 
at which the onset of the Schottky signal of the daughter ion 
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Table 2
Results of the χ2 analysis of the data. λ values and oscillation parameters obtained from different experiments on two-body electron capture 
decay of hydrogen-like 142Pm60+ ions according to their years. The values are in the laboratory system (Lorentz factor γ = 1.43). Labels “e” 
and “m” in the second column indicate the results for pure exponential or exponential plus a modulation fits, respectively.

Year λ(�λ) [s−1] a(�a) ω(�ω) [rad s−1] φ(�φ) [rad] Ref.

2008 e 0.0170(9) – – – [32]
2008∗ m 0.0224(42) 0.23(4) 0.885(31) −1.6(5) [32]
2008∗∗ e 0.0124(2) – – – [14]
2010 m 0.0130(8) 0.107(24) 0.884(14) +2.35(5) [77]
2014a e 0.0126(7) – – – this work
2014m e 0.0141(7) – – – this work
2014m m 0.0141(9) 0.019(15) 1.04(26) −3.1(2) this work

∗ the results of the fit for the data until 33 seconds after injection.
∗∗ the results for measurements with several thousands stored ions.
a the results of the automatic analysis.
m the results of the manual analysis.
was observed. The accuracy of such time determination is a 
few time bins corresponding to a few ten milliseconds;

• The length of the corresponding “cooling tail” in Hertz for each 
EC-decay.

All three individual visual analyses of the 2014 data set provided 
consistent results.

Furthermore, a dedicated automatic analysis program has been 
applied. The algorithm is described in detail in [98].

About 9000 EC decays of parent 142Pm60+ ions have been anal-
ysed. The histograms obtained in the automatic (8839 EC decays) 
and in one of the manual analyses (9001 EC decays) are shown in 
Fig. 3.

Already a brief inspection of Fig. 3 indicates that no significant 
modulation of the number of decays in time is observed. The data 
have been analysed according to two decay models. The first one 
is the strictly exponential decay

dNd(t)

dt
= λEC NM(0)e−λt, (2)

and the second one assuming a modulated λ̃EC as given by Eq. (1). 
Here, dNd(t) is the number of daughter ions observed at time dt , 
NM(0) number of parent ions at time t = 0 seconds, λEC the EC 
decay constant, λ the total decay constant λ = λβ+ + λEC + λloss . 
The λβ+ is the decay constant of the three-body beta decay, λEC
the EC decay constant, and λloss is the decay constant due to un-
avoidable (non-radioactive) losses of the ions from the ring. The 
latter losses can be estimated through disappearance of stable 
daughter 142Nd60+ ions. Only a few such decays have been ob-
served (see, e.g., Fig. 4), which indicates that the λloss constant can 
be neglected.

The results of the standard χ2 minimisation are presented in 
Table 2 together with results from previous experiments taken 
from [32,77].

In addition to the analysis based on the χ2 minimisation, an 
approach based on Bayesian statistics has been applied. Differently 
from criteria based on the comparison of χ2 (or likelihood) values 
to decide in favour or against one model, the Bayesian method al-
lows for directly assigning a probability value to each model. The 
model probability is based on the computation of the Bayesian 
evidence. The Bayesian evidence, also called marginal likelihood or 
model likelihood is calculated from the integral of the likelihood 
function over the parameter space. For more details, the reader is 
referred to, e.g., [99–101]. Differently from maximum likelihood or 
minimum χ2 methods, this approach is particularly adapted when 
multiple local maxima of the likelihood function are present, as in 
our case. Moreover, Bayesian evidence naturally encodes Ockham’s 
razor principle, penalising models that are unnecessarily too com-
plex for generating the observed data.
Fig. 3. (Top) Number of EC-decays per 0.63 s as determined in the automatic anal-
ysis (8839 EC decays in total). The data points are fitted with a pure exponential 
function (solid line). (Bottom) Same as (Top) but for one of the manual analyses 
(9001 EC decays in total), see text.

The computation of the evidence relative to the two models has 
been done using two independent approaches. In the first method, 
the likelihood function is built from unbinned data and its integra-
tion is obtained with the VEGAS Monte Carlo algorithm by using 
the BAT package [102] in a self-made root-based code [103,104]. 
The second method is based on the Nested_fit program [101], 
which is based on the nested sampling algorithm for the transfor-
mation of the n-dimensional integral (with n number of param-
eters of the model) into a one-dimensional integral [105] and in 
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Table 3
Probability of the model with oscillation (P (M2)), parameter values corresponding to the maximum of the likelihood functions and their 95% 
confidence intervals (CI) from the analysis with Nested_fit program. The considered range for ω is [0, 7] rad s−1.

Year λ (CI 95%) [s−1] a (CI 95%) ω (CI 95%) [rad s−1] φ (CI 95%) [rad] P (M2)

2008 0.0207(0.0155 − 0.0250) 0.20(1.3 × 10−3 − 0.019) 0.91(0.33 − 6.59) 5.91(0.15 − 6.20) 47.5 − 85.1%
2010 0.0140(0.0120 − 0.0156) 9.2 × 10−2(2.2 × 10−4 − 7.2 × 10−2) 0.89(0.17 − 6.86) 3.84(0.18 − 6.14) 58.1 − 65.8%
2014 0.0149(0.0136 − 0.0157) 5.3 × 10−2(3.9 × 10−4 − 3.6 × 10−2) 4.71(0.40 − 6.65) 4.71(0.22 − 6.04) 52.3 − 67.1%

Table 4
Probability of the model with oscillation (P (M2)), parameter values corresponding to the maximum of the likelihood functions and their 
95% confidence intervals (CI) from the analysis of all data sets at the same time with Nested_fit program. The considered range for ω is 
[0, 7] rad s−1.

Constraints λ (CI 95%) [s−1] ω (CI 95%) [rad s−1] P (M2)

None 0.0144(0.0142 − 0.0146) 0.911(0.908 − 0.975) 95.01 − 99.85%
φ locked for data sets from 2010 and 2014 0.0143(0.0137 − 0.0150) 0.906(0.507 − 6.65) 44.48 − 85.59%
φ and a locked for data sets from 2010 and 2014 0.0144(0.0138 − 0.0153) 0.929(0.363 − 6.71) 41.40 − 62.82%
Fig. 4. Disappearance of a stable 142Nd60+ ion which is due to non-radioactive losses 
of the ions from the ring. The entire measurement cycle is shown.

a home-made Monte Carlo sampling. Here, the likelihood function 
is computed from data binned with interval width comparable to 
the instrumental resolution and assuming a Poisson distribution 
for each channel. The results from the two independent analyses 
are very similar. The results obtained from Nested_fit approach are 
presented in Table 3.

4. Discussion

The fit procedure assuming the model of Eq. (1) always results 
in nonzero modulation parameters. In our context, we search for 
statistically significant modulation parameters consistent with pre-
vious observations [32,77].

By inspecting the data in Table 2 it can be concluded that 
no significant modulation is observed at the previously reported 
modulation frequency of ω ≈ 0.89 rad s−1. The largest modulation 
amplitude a = 0.019(15) corresponds to the modulation frequency 
of ω = 1.04(26) rad s−1 and deviates by 4.9σ/3.1σ from the am-
plitudes reported in [32] and [77], respectively.

As well, the results of the Bayesian analysis indicate no sig-
nificant modulation, see the P (M2) column in Table 3, and the 
obtained best parameter values are very different from the previ-
ously reported ones. Furthermore, our new Bayesian analysis has 
been applied to the data acquired in previous 2008 [32] and 2010 
[77] experiments. Presence of modulated EC decays could not be 
confirmed in past measurements. The probabilities assigned to the 
model with and without modulation (Table 3) are found to be sim-
ilar (close to 50%). The only strong indication of the presence of a 
modulation in the data is obtained considering the three data sets 
(from 2008, 2010 and 2014) simultaneously and considering three 
functions like Eq. (1) for each data set with free amplitudes and 
phases but with a common value of ω (Table 4). In this case, a 
probability of P (M2) = 95.0 −99.85% is assigned to the model with 
modulation, corresponding to a p-value of 0.0034 −5.5 ×10−5 and 
2.93 −4.03 σ [106], where the uncertainties are from the Bayesian 
evidence computation. Because of the same experimental appara-
tus, different values of phase between 2010 and 2014 experiments 
are, however, unlikely. When the same value of a and/or φ are im-
posed for these data sets, the models with and without modulation 
are equally probable.

The question on the origin of the 20% modulation observed in 
[32] remains unanswered. In two datasets containing about 9000 
EC decays, namely the full datasets from 2010 and from this work, 
the modulation amplitude is negligibly small. Thus, the modula-
tions were observed only in datasets with significantly smaller 
statistics.

Several differences between the very first experiment reported 
in [32] and this work can be mentioned:

• The Sony-Tektronix data acquisition system employed in the 
first experiments could not be maintained due to its age. Fur-
thermore, only the capacitive Schottky detector was available 
at that time. It is impossible to study whether the older sys-
tem could cause, though unlikely, artefacts in the data. The 
new data acquisition solutions (see Table 1) as well as the new 
resonant Schottky detector offer orders of magnitude increased 
performance of the overall system;

• The number of injected ions in the latest (2014) experiment 
was larger than in the first experiments. Often more than 6-8 
ions were stored. Therefore, some of the late EC-decays might 
have been missed in the manual analysis, in which the de-
cay is identified through the detection of a “cooling tail” (see 
Fig. 1). An example of such an EC-decay is illustrated in Fig. 5. 
These decays correspond to the emission of the neutrino in 
transversal direction thus leaving the longitudinal velocity of 
the ion nearly unchanged. If such a decay occurs after sev-
eral daughter ions are already produced, it might be missed 
in manual analyses, though not in the automatic analysis. By 
comparison of different analyses one can conclude, that the 
missing decays have little influence on the general behaviour 
of the decay curves shown in Fig. 3 except for the different 
decay constants resulting from pure exponential fits;

• Some “cooling tails” could be due to a longitudinal momentum 
transfer in collisions of ions of interest with rest gas molecules. 
In such cases a tail on the low-frequency side can be ob-
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Fig. 5. Traces of 142Nd60+ daughter ions without a significant tail. If several daugh-
ter ions are present at the time of such decay, the identification of the latter in 
a manual analysis is complicated. The automatic analysis however finds decays in-
dependent of the occurrence of a cooling tail and thus should be less prone to 
overlooking such cases.

Fig. 6. Example of the measured traces of stored 142Pm60+ and 142Nd60+ ions in the 
ESR. The entire frequency bandwidth measured by RSA 5103A as well as the entire 
time range are shown. The traces of 142Pm60+ and 142Nd60+ ions are clearly visible. 
Two particles are observed which are uncooled (changing revolution frequency with 
time). The origin of these ions is not known. Since these particles are not cooled, 
their frequency does not correspond to their mass-to-charge ratio and thus their 
unambiguous identification is not possible.

served. If the number of stored ions in a frequency peak is 
not high (below 3-5 ions) than the EC decay can unambigu-
ously be identified by the correlated decrease of the intensity 
of the parent ions and an increase of intensity of the daughter 
ions. On the one hand, if the number of ions is larger, then 
some of such tails could erroneously be identified in man-
ual analyses as being from the EC-decay. On the other hand, 
the automatic analysis takes the changes of intensities into ac-
count and should discard such cases.

As compared to the experiment performed in 2010, the quality 
of the present data was somewhat lower. For a single particle, the 
obtained signal-to-noise ratios were 26 and 9 for 2010 and 2014 
experiments, respectively. The reason for this reduced signal-to-
noise ratio in 2014 might have been the larger number of acqui-
sition devices, which required the additional splitting of the signal 
from the detector. Furthermore, a large number of un-identified 
un-cooled particles were present in the storage ring. One such ex-
ample is illustrated in Fig. 6.
It is unlikely that the above arguments could influence the ob-
tained results. A possible effect of the larger number of stored 
particles has been checked by selecting files containing just 1 
and 2 EC-decays. Although at inevitably lower counting statis-
tics, no indications of a statistically significant modulation with 
ω ∼ 0.88 rad s−1 were found.

5. Conclusion and outlook

In conclusion, the experiment repeated in 2014 does not con-
firm the observed ≈ 20% modulation amplitude in EC-decay of 
hydrogen-like 142Pm60+ ions in the ESR reported in [32]. Further-
more, the new experiment confirms the results of the experiment 
in 2010, where the entire data set did not indicate the presence of 
a modulation [77].

Our new Bayesian analysis of the older data does not confirm 
the statistical significances of the previously reported modulated 
decays. This agrees with the recent findings [107] that the χ2

minimisation results in much narrower confidence intervals and 
generates strong correlations between parameters as compared to 
the Bayesian approach. On the one hand, the results of the new 
Bayesian analysis do not allow us to exclude the presence of the 
modulations in the older datasets. On the other hand, the cor-
responding statistical significances are smaller than the ones ob-
tained with the χ2 approach. We also emphasise, that for data sets 
with large statistics, which are the full data set from 2010 and the 
one from this work, both methods do not indicate significant mod-
ulations.

In the course of the experiments, data analysis, and interpreta-
tion of the results, numerous challenging cross-discipline problems 
have been realised and solved, which will be addressed in forth-
coming publications.

If a new experiment would be possible in the future, it would 
be intriguing to investigate the second system studied in [32], 
namely 140Pr58+ . The oscillation pattern was more clearly estab-
lished in Pr as compared to Pm. Another interesting system is 
the hydrogen-like 122I52+ , in which a modulation with a period 
of about 6 seconds might be present [30,47,74]. In addition to the 
storage ring complex of GSI, such an experiment might be possible 
at the storage ring CSRe in Lanzhou [108]. Furthermore, experi-
mental studies of weak decays are planned in the Electron Ion 
Beam Trap of the TITAN facility [109].

In memoriam

The authors will be ever grateful for the valuable contribu-
tions of their late colleagues and friends Paul Kienle and Fritz 
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always be remembered.
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