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Figure 1. Chart of the nuclides displaying the accuracy ’u’ of masses (created by NUCLEUS-AMDC).

030001-3

Mass Precision 
(NUBASE 2016)

Atomic Mass Evaluation 2016 published 
Chin. Phys. C 41 (2017) 03002, 03003.

1. Introduction
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Figure 1.3.: Experimental [WAW12] and calculated [D+96, MNMS95, A+95,
P+96, DZ99] mass values for cadmium isotopes. The region of exper-
imental mass values is indicated by the grey area. The extrapolated
values from AME2012 [WAW12] is included by full circles
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ILIMA 
isomers, lifetimes and masses

Main programme:  
Mass measurements  

in the CR for short-lived  
exotic nuclei. 

HESR can be employed  
to measure lifetimes of  

long-lived nuclides.
Walker, Litvinov and Geissel,  
Int. J. Mass Spec. 349-350 (2013) 247
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combination of storage and trapping facilities, a unique feature that
distinguishes FAIR from all planned or operating particle accelerators
worldwide. FAIR is unique to deliver highly intense, brilliant beams
of highly charged heavy ions and radionuclei with excellent
momentum definition. As depicted in Fig. 2, the FAIR facilities cover
a beam-energy range of more than 10 orders of magnitude [2].

SPARC focuses on the study of atomic matter subject to extreme
electromagnetic fields as well as atomic processes mediated by
ultrafast electromagnetic interactions. A prominent example for
SPARC related research concerns the binding energies of electrons
in high-Z one-electron ions where the K-shell electrons are
exposed to electric fields (e.g. 1016 V/cm in U91+) close to the
Schwinger limit. In a concerted effort and in close collaboration
with the leading expert groups in theory, SPARC has initiated a
comprehensive research program to accomplish a significant
validity check of non-perturbative bound-state QED. We will apply
different experimental approaches (1 s Lamb shift, 1s hyperfine-
structure, bound-state g-factor, mass measurements) (see e.g.
[3]) thus probing QED at different mean-distances of the electron
with respect to the nucleus. At the same time SPARC will apply
these accurate atomic-physics techniques as powerful tools for
the determination of nuclear parameters such as nuclear radii
and moments. Even high-precision determination of fundamental
constants will be enabled [4,5].

Examples for highlights of the SPARC program are:

– Using direct beams from SIS100 at the APPA cave for resonant
coherent excitation of the ions passing through crystals for
precise atomic structure studies (1 s Lamb shift) for all H-like
ions up to uranium (possible day-1 experiment) [6].

– At the HESR, the frequencies of novel laser and laser-driven
sources in the visible- and the XUV-regime can be boosted by
the large c-values to photo-excite heavy ions, allowing to drive
inner-shell transitions via lasers (e.g. bound-state QED, nuclear
radii, test of time dilatation [7]).

– At the HESR, the exploration of correlated electron-dynamics
via ultrashort, sub-attosecond fields mediated by ions at large
c-values by applying a reaction microscope (e.g. multiple ion-
ization of atoms in kinematically complete fashion, possible
day-1 experiment) [8].

– At the HESR, discovery and exploration of a novel
pair-production process mediated by electron–electron interac-
tion. A target electron (treated as quasifree) is transferred into a
bound state of the projectile via excitation of one electron from
the negative Dirac continuum to a bound projectile state (test of
relativistic electron-correlation beyond Breit interaction). As a
result, the projectile changes its charge-state by two units and
a positron is produced (possible day-1 experiment) [9].

– Experiments at relativistic beam energies are complemented by
experiments at CRYRING and HITRAP which focus on atomic
and nuclear physics of exotic systems at low beam energies
(< 10 MeV/u) or even at rest. Both CRYRING and HITRAP are
coupled to the ESR which allows to decelerate ions from high
energies (400 MeV/u) to the injection energy of both facilities
whereby maintaining the high charge-state. This scenario is
worldwide unique and will deliver high-accuracy data for
bound state QED (avoiding Doppler shifts) as well as the
determination of fundamental constants. In addition, atomic
collisions can be studied in the non-perturbative, adiabatic
regime, and even super-critical fields will get accessible.

The FLAIR collaboration (>100 members) proposes the Facility
for Low-energy Antiproton and Ion Research. The antimatter phy-
sics program at FLAIR is centered around the study of antihydrogen
using charged particle traps and spectroscopy of antiprotonic
atoms, a research field presently accessible only at CERN. Investi-
gations with antihydrogen atoms focus on precision laser and
microwave spectroscopy for stringent tests of CPT invariance,
and measurements of the gravitational interaction of antimatter
as a test of the weak equivalence principle. Further examples of
research addressed by FLAIR are atomic collisions with antiprotons
as a clean probe for atomic interactions and the biological effec-
tiveness of antiproton beams at energies of a few 100 MeV. The
aforementioned experiments typically require bunched beams of
antiprotons. In addition, slowly extracted beams of antiprotons
can be provided at FLAIR for setups where coincidence techniques
are to be employed, e.g., for nuclear and particle physics type
experiments searching for nucleon-meson bound states or using
antiprotons as hadronic probes to study nuclear surfaces or halos
of stable or short-lived isotopes.

Although FLAIR is not part of the Modularized Start Version of
FAIR, making use of CRYRING (a Swedish in-kind contribution for
FAIR) and HITRAP such antiproton experiments would be feasible
if a beamline were available to transfer antiprotons from the
production target at FAIR to the ESR.

2.1. Status of experiments

SPARC has formed various working groups which develop and
construct the equipment and perform precursor experiments atFig. 2. Portfolio of storage and trapping facilities at FAIR.

Fig. 1. Experimental facilities at the Modularized Start Version (MSV) of FAIR. The
APPA cave houses different experimental stations for APPA experiments.

Th. Stöhlker et al. / Nuclear Instruments and Methods in Physics Research B 365 (2015) 680–685 681

Highly charged exotic nuclei in storage rings
accuracy ~30 keV 
half-life limit ~20 μs 
single-ion sensitivity/week

Stored Ions in Wide Energy Range

CR&HESR

Th. Stöhlker et al., NIM B 365 (2015) 680



Experimental Storage Ring ESR 
Main Detector Setup
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• TOF detector 

• N. Kuzminchuk-Feuerstein et al. NIM A 
821 (2016) 160 

• TDR approved 

• Spec for in-kind contract approved 

• Schottky detector 

• New Schottky prototype installed in ESR 

• TDR approved 

• Heavy-ion detector 

• M.A. Najafi et al., NIM A 836 (2016) 1 

• TDR approved

Working Group Status
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Fig. 30. (Color) Schematic view of the principle of mass measurement in the experimental storage ring at GSI. The motion of up to four different
species labelled by their mass-to-charge ratio (m/q)1...4, is indicated. For Schottky mass spectrometry (left) ions are cooled by electron cooling and
have the same mean velocity v whereas for isochronous mass spectrometry (right) the ions are “hot” and have different velocities.

highly charged ions of the rare earth region is shown in Fig. 31. As demonstrated in the inset of Fig. 31, SMS allows
single-ion sensitivity with a high resolving power and a high efficiency. More than 100 new masses can be measured
in one experiment.

The gray marked masses in Fig. 31 were previously unknown. The simultaneous storage of both unknown and known
(black marked) masses allows an in-situ calibration. For two frequencies of two different ions k and l one can write in
first-order approximation [48]:

fk − fl

fk
= −!p

(m/q)k − (m/q)l

(m/q)k
, (62)

where !p is the momentum compaction factor, which is defined as

!p = dC/C

d(B")/(B")
, (63)

and which characterizes the relative variation of the orbital length (C) per relative variation of the magnetic rigid-
ity (B"). Typically !p has a value of about 0.15. The width of the frequency distribution of each ion species k is
given by [48]
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where #pk/pk and #vi/vi are the relative widths of the momentum and the velocity distributions for the kth ion species,
respectively. Eqs. (62) and (64) are the basis for the Schottky mass spectrometry. They show that in order to measure
masses of stored and identified ions it is sufficient to measure their orbit frequencies. The accuracy of the method can
be improved by storing and studying different charge states of the same ion of interest at the same time within the
accepted m/q band.
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The revolution frequencies of the cooled stored ions f
are related to their mass-over-charge ratios m=q by the
following expression:

!f

f
¼ "!p

!ðm=q Þ
ðm=q Þ ; (2)

where !p ¼ ð!C=CÞ=ð!B"=B"Þ is the momentum com-
paction factor of the ring which characterizes the rela-
tive variation of the orbit length C per relative variation
of the magnetic rigidity B". The !p is nearly constant
over the entire ring acceptance and in this experiment it
was approximately 0.19. The intensities of the frequency
peaks are proportional to the corresponding number of
stored ions, which is often used for half-life measurements
[25– 27].

The unambiguous isotope identification of frequency
peaks is based on a pattern recognition algorithm and is
discussed in detail in Ref. [28]. Several tens of nuclides are
simultaneously present in the measured spectra. The pro-
duction cross section of 208Hg in this reaction has been
estimated with the EPAX2 formula [29] and amounts to only
1:5 #barn . The 208Hg nuclide has been observed only in
one injection into the ESR where it was present in a
hydrogenlike charge state. A part of the revolution fre-
quency spectrum with 208Hg79þ ions is illustrated in Fig. 1.
The peaks of ions with experimentally known masses [30]
are used to calibrate the frequency spectrum. In this case
the frequency peaks of 137I52þ , 137Xe52þ and 221Rn 84þ ions
can be used for this purpose.

Several tens of injections of the ions into the ESR have
been analyzed for each setting of the electron cooler, i.e.,
cooler voltage Uc and current Ic. The time-resolved SMS
enables the possibility to correct for overall frequency
drifts in time due to instabilities of, for example, magnet
power supplies. Therefore, the frequencies from all mea-
sured spectra of the same cooler setting can be combined

together [31]. The advantage of this procedure is that
already within the 10 kHz spectrum illustrated in Fig. 1
the additional frequency peaks of 129Sn 49þ , 200mAu 76þ ,
208Tl79þ , 208Pb79þ , 221At84þ , 229Fr87þ , 229Ra87þ , and
229Ac87þ ions which lie close to the peak of 208Hg79þ

ions can be used for the calibration. The mass excess value
of 208Hg has been determined and amounts to ME ¼
"13 265ð31Þ keV. The details of the data fitting and error
propagation can be found in Ref. [23]. The obtained ME
value agrees within the error bars with the value from the
systematics "13 100ð300Þ keV [30], where the new mass
value is 165 keV more bound.
The new precisely measured mass value of 208Hg has

been used to determine the $Vpn value for 210Pb using

Eq. (1). This value and those for other nuclei in the 208Pb
region are shown in Figs. 2 and 3. Figure 2 shows $Vpn

values for several isotopic sequences as a function of
neutron number. Figure 3 shows the same results in a
complementary way in the form of a color-coded plot for
this portion of the nuclear chart. Here the vertical and
horizontal lines at N ¼ 126 and Z ¼ 82 mark the double
shell closure at 208Pb and divide this region into four
quadrants that can be labeled hole-hole (lower left where
both types of nucleons are below their respective closed
shells), particle-hole (upper left), particle-particle (upper
right), and hole-particle (lower right).
Using the present mass measurement of 208Hg, the $Vpn

(210Pb) point is the first $Vpn value for the region Z & 82,
N > 126, that is, the lower-right quadrant in Fig. 3. The
$Vpn value of 210Pb is 165.2(10) keV which is about 2.5

times smaller than the $Vpn (
208Pb) value of 426.8(5) keV.

This sudden decrease is signified by the blue box (labeled
also with ‘‘2’’) just after the junction of the shell closure
lines.
The 208

82 Pb126 nucleus is in the symmetric hole-hole
region, where both protons and neutrons fill low j high

FIG. 1. A 10 kHz part of the measured revolution frequency
spectrum. For this spectrum the electron cooler voltage and cur-
rent were set to Uc ¼ 198 kV and Ic ¼ 400 mA, respectively. A
peak of hydrogenlike 208Hg79þ ions is at about 125 kHz. The
masses of 137I52þ , 137Xe52þ and 221Rn 84þ ions are experimen-
tally known [30] and can be used for the calibration.

FIG. 2 (color online). Experimentally known $Vpn values for
isotopic chains below and above the Z ¼ 82 proton closed shell.
Only even-even nuclei are considered. If not shown the error bars
are within the symbol size. The newly obtained $Vpn value for
210Pb is emphasized by a filled symbol and the sharp drop from
208Pb to 210Pb is highlighted.
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as [13]:

!Vpn ðZ;NÞ ¼ 1

4
½BðZ;NÞ þ BðZ & 2; N & 2Þ

& BðZ;N & 2Þ & BðZ & 2; NÞ'; (1)

where B is the binding energy of the nucleus. By assuming
that the nuclear core remains essentially unchanged, !Vpn ,
by its definition, largely cancels the interactions of the
last nucleons with the core. A given !Vpn value for an
even-even nucleus refers to the average interaction of the
(Z & 1)th and Zth valence protons with the (N & 1)th and
Nth neutrons.

The !Vpn values around the doubly magic 208Pb nucleus
are a subject of extensive discussion in the last few years
as, e.g., presented in Refs. [4,5,10,14]. The p-n interac-
tions in this region have a characteristic and striking be-
havior that can be understood [4] in terms of the spatial
overlaps of the last valence nucleons. Since the residual
p-n interaction is primarily short range and attractive, it
should be strongest when the protons and neutrons are in
orbits with greatest spatial overlap. The normal parity
orbits in the shells of heavy nuclei have a generic sequence
starting with high j (particle angular momentum), low n
(principal quantum number) orbits at the beginning of a
shell to low j, high n orbits at the end. For example, in the
Pb region, the proton orbits just below Z ¼ 82 are the 3s1=2
and 2d3=2 and the neutron orbits below N ¼ 126 are 3p3=2

and 3p1=2. Above Z ¼ 82 and N ¼ 126, the orbits for
protons are 1h9=2 and 2f7=2 while, for neutrons, they are
2g9=2 and 1i11=2. Taking as a crude guide that the p-n
interaction scales inversely as (!l þ !n ), it is clear that
one expects large p-n interactions when both protons and
neutrons are below or both are above their respective shell
closures, while one expects small interactions when one is
above and the other below. This leads to an expected
‘‘crossing’’ pattern, which we will indeed see later.
However, there is one major gap in the data for !Vpn in
the Pb region. The p-n interaction is only known for three
of the four possible cases—there are no known values for
protons filling just below Z ¼ 82 and neutrons just above
N ¼ 126. The first point in this region is !Vpn (210Pb).
Three of the four masses needed for !Vpn in Eq. (1) are
known. Only that for 208Hgis not and the measurement of
this mass is therefore of the utmost importance in under-
standing the p-n interaction, its orbit dependence, and
therefore its role in the evolution of nuclear structure.

The purpose of this Letter is to present the first direct
mass measurement of the 208Hgnucleus. This is critical as
a test of our basic understanding of the dependence of the
proton-neutron interaction on the spatial relations of the
nucleonic orbitals, and therefore on the single particle
levels in this region. It carries the added importance of
relating directly to the quantum stabilization of nuclei
beyond Pb which would otherwise be unbound due to the
strong accumulation of repulsive Coulomb interactions.
We will compare the empirical results with expectations

based on the ideas outlined above. These results will also
be a challenge to microscopic models of the structure of
heavy nuclei such as density functional theory [10].
The experiment has been performed at the GSI

Helmholtzzentrum für Schwerionenforschung in
Darmstadt, Germany, where the combination of the
heavy-ion synchrotron SIS [16], the in-flight fragment
separator FRS [17], and the ion storage-cooler ring ESR
[18] provides unique experimental conditions for nuclear
structure studies of exotic nuclei stored in an ultrahigh
vacuum (( 10& 11 mbar) [19,20]. The mass of the 208Hg
nucleus has been measured with time-resolved Schottky
Mass Spectrometry [21,22] as part of a program on direct
mass measurements of neutron-rich uranium projectile
fragments in which the masses for about 30 neutron-rich
nuclides have been obtained for the first time [23].
The primary beam of 238U projectiles accelerated by the

SIS to an energy of 670 MeV=u . The intensity of the
primary beam was about 2 ) 109 particles per spill. The
exotic nuclides were produced via the projectile fragmen-
tation in a 4 g=cm2 9Be production target placed in front of
the FRS facility. The primary beam and the produced
fragments emerge from the target as highly-charged ions
with no or very few bound electrons. The neutron-rich
fragments were separated in flight and injected into the
storage ring ESR. The injection into the ESR was opti-
mized with the primary beam and the magnetic fields of the
FRS-ESR facilities were fixed at the constant magnetic
rigidity of 7.9 Tm throughout the experiment. In the ESR
the fragments were stored and electron cooled. The time
required for the electron cooling restricts the nuclides that
can be accessed with the SMS. For low intensity fragment
beams this time is of the order of a few seconds [24].
The electron cooling process compresses the phase-

space volume of stored beams and the initial longitudinal
velocity spread is reduced to typically !v=v * 5 ) 10& 7.
By selecting the cooler voltage we define the velocity of
the merged electrons and thus the velocity of the cooled
ions. In order to cover the range of stored fragments from
neodymium to uranium, the cooler voltages were varied
from 190 kV up to 220 kV in steps of 2 kV.
The stored ions circulate in the ESR with frequencies of

about 2 MHz. The frequencies were measured by means of
time-resolved SMS [21,22]. Stored highly-charged ions
induce at each revolution signals on the capacitive pick-
up plates which are installed inside the ring aperture. The
frequency spectrum at 30th harmonics of the revolution
frequencies of the ions has been analyzed by means of the
fast Fourier transform which yields Schottky frequency
spectra. The frequency bandwidth of 320 kHz was simul-
taneously measured, which is sufficient to cover the entire
frequency acceptance of the ESR. From each injection of
the ions into the ESR several revolution spectra accumu-
lated over about 20 seconds have been obtained. The data
acquisition and the data analysis are similar to the ones
described in detail in Ref. [22].
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Time-resolved Schottky mass spectrometry has been applied to uranium projectile fragments which

yielded the mass value for the 208Hg (Z ¼ 80, N ¼ 128) isotope. The mass excess value of ME ¼
"13 265ð31Þ keV has been obtained, which has been used to determine the proton-neutron interaction

strength in 210Pb, as a double difference of atomic masses. The results show a dramatic variation of the

strength for lead isotopes when crossing the N ¼ 126 neutron shell closure, thus confirming the empirical

predictions that this interaction strength is sensitive to the overlap of the wave functions of the last valence

neutrons and protons.

DOI: 10.1103/PhysRevLett.102.122503 PACS numbers: 21.10.Dr, 21.60."n, 27.80.+w, 29.20.db

Atomic nuclei are many-body systems in which the
strong, weak, and electromagnetic fundamental interac-
tions play a major role by acting between the nucleons.
The sum effect of these interactions is reflected in the total
binding energy of the nucleus, which is directly connected
with its mass [1]. Therefore, nuclear masses often provide
hints to new nuclear structure effects. Indeed, shell struc-
ture and pairing correlations have been discovered through
nuclear masses. Nuclear masses and binding energies are
important, however, in a much wider domain. Examples
occur in the studies of various nucleosynthesis processes in
stars, in weak interaction physics relating to the unitarity of
the Cabibbo-Kobayashi-Maskawa matrix, in tests of QED,
and in the determination of fundamental constants [2].

Dedicated filters can be constructed from mass differ-
ences to isolate specific nucleonic interactions. One such
filter is the average interaction strength of the last pro-
ton(s) with the last neutron(s) denoted !Vpn. The proton-
neutron interaction—being of fundamental interest for nu-

clear structure—has been intensively discussed in the last
decades [3– 14]. It has been shown that it is essential for the
development of configuration mixing and for the onset of
collectivity and deformation in nuclei [6], for changes of
the underlying shell structure [7], and for the microscopic
origins of phase transitional behavior in nuclei [7– 9].
Being the largest along the N ¼ Z line, the p-n interaction
can be related to Wigner’s SU(4) symmetry [3]. The aver-
age value of the p-n interaction strength can also be related
to the nuclear symmetry energy [10]. Moreover, treatment
of the nucleon-nucleon correlations finds similarities in
interpreting other many-body systems: for example, odd-
even staggering effects were observed in ultrasmall super-
conducting metallic grains [15]. This Letter will present a
mass measurement for the 208Hgisotope, that provides one
of the most important !Vpn values in the entire nuclear
chart.
For even-even nuclei, the average p-n interaction of the

last two protons with the last two neutrons can be defined
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FRS

ESR

production target
Be9

primary beam
U238

with and without
additional B - determination

ToF - detector

F2ρ

Fig. 2. The in-flight fragment separator FRS combined with
the storage-cooler ring ESR for IMS experiments. The posi-
tion of the production target, the central focal plane F2 of
the FRS and the magnetic elements of the two facilities are
depicted. Magnets which are not used are indicated in white
color. The magnetic rigidity (Bρ) of the injected fragments was
defined with mechanical slits placed at the central dispersive
focal plane F2 of the FRS. The first experiment was performed
with no slits, the second one had applied slits with an opening
of ±0.5 mm. The position of the time-of-flight (ToF) detector
is indicated in the ESR lattice.

the ESR was about one order of magnitude smaller than
the one of FRS. Previously, we have demonstrated that
for IMS experiments in addition to the revolution time of
the stored ions the magnetic rigidity or velocity measure-
ment is required [18]. The reason is that the isochronicity
condition is strictly realized only for one single mass-over-
charge (m/q) value for a fixed ion-optical isochronous field
setting of the ESR.

The illustration of the relevance of this additional mea-
surement for IMS experiments can be easily demonstrated
with the first-order formula, relating the revolution time
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Fig. 3. Calculated correction factor (1/γ2
t − 1/γ2)-dependent

on the mean velocity deviation between isochronous (γt) and
non-isochronous particles (γ). γ and γt are the relativistic
Lorentz factor and the isochronous ring parameter correspond-
ing to the so-called transition energy. In the present calculation
γt is 1.41. Note that in the experiment γt is not constant over
the full acceptance of the ESR [17]. The windows for a m/q
range of 1% and 5% are illustrated in the figure.

(T ) directly to the mass-to-charge ratio (m/q) of the
stored and measured particle:

dT

T
=

1
γ2

d(m/q)
m/q

+
!

1
γ2

t

− 1
γ2

"
d(Bρ)

Bρ
, (1)

with γt being an ion-optical parameter of the storage ring
(transition energy), γ = (1 − (v/c)2)−1/2 the Lorentz fac-
tor of the revolving particle, v and c the velocity of the
particle and the speed of light in vacuum, respectively. In
the isochronous mode of the storage ring γt is equal to the
Lorentz factor γ for one single m/q value. Only for these
ions the measurement of the revolution time T unambigu-
ously determines the m/q ratio. For other nuclides, the
shift of the mean velocity and distribution width do not
cancel and have to be taken into account. Equation (1)
clearly demonstrates that it is necessary to measure the
velocity and magnetic rigidity of each nuclide in addition
to its revolution time, in order to achieve accurate mass
values and high mass resolution. The additional quantity
which has to be measured is ( 1

γ2
t
− 1

γ2 ). Its magnitude is
in the few percent range and strongly depends on how
much the velocity of a stored ion differs from the transi-
tion energy of the storage ring. The impact of the relation
is presented in fig. 3. Two windows for an m/q range of
1% and 5% are illustrated in the figure.

Experimentally it is clear that these additional mea-
surements have to be performed to achieve accurate mass
values in IMS experiments with the ESR. Particle detec-
tors operated in coincidence at the FRS cannot be used
for this task, because of the spill structure of fast ex-
tracted beams from the heavy-ion synchrotron (SIS-18),
see above. On the other hand, the operation with fast ex-
tracted beams is necessary for the injection scenario into

Schottky detector

— Highlight — 

236 L. Chen et al. / Physics Letters B 691 (2010) 234–237

Fig. 2. Illustration of new results from the present experiment. 5 new isotopes have
been discovered in the element range from thallium to actinium. Their masses have
been accurately determined and information on their lifetime has been obtained as
well. The limit of previously known neutron-rich isotopes is indicated by the solid
line. The well-known masses indicated in the figure (filled squares) have an average
experimental error of about 8 keV [13].

Fig. 3. Characteristic Schottky frequency spectrum with isotopes of well-known
masses and those with unknown masses (outlined element name). The new iso-
tope 213Tl is included in the spectrum. Note, the frequency range in the plot results
from the subtraction of a fixed oscillator frequency.

the limits of presently known nuclei the full particle identifica-
tion and often the production cross section have been published
[16,17]. More information is gained, if first decay properties are
deduced as well. With the described experimental setup and meth-
ods we have identified new nuclides and measured their masses
with an accuracy of !m/m ≈ 3 × 10−7. The information on their
lifetime can be deduced by the same experimental method if their
decay time matches the access window of SMS [18,19].

The m/q identification in the frequency spectrum was based
on a pattern recognition algorithm including the well-known mea-
sured masses [13] as calibration grids and for the unknown iso-
topes the microscopic theoretical prediction [20]. An unambiguous
assignment was achieved together with the combination of the ap-
plied different separation criteria described above. In addition, we
had to exclude the possibility that an ion of a well-known nuclide
in a rare atomic charge-state could be misidentified as a new iso-
tope. At the FRS-ESR this probability is rather small due to the
high velocity of the fragments (v/c = 0.7) and the resulting nar-
row charge-state distribution. Nevertheless, in the interpretation of
the frequency spectra, ions of possible charge states correspond-
ing to up to five bound electrons were considered. In this way
we checked if a very rare charge state could cause a wrong iden-

Fig. 4. The time evolution of the Schottky revolution frequency spectrum and the
corresponding projection. Here, the frequency information of the discovered 224At
isotope is illustrated.

Table 1
The mass and half-life results of new identified isotopes in this work.

Isotope ME (keV) T1/2 (s)
236Ac 51 267 ± 68 72+345

−33
224At 27 706 ± 59 76+138

−23
222Po 22 476 ± 67 145+694

−66
221Po 19 783 ± 58 112+58

−28
213Tl 1763 ± 61 101+484

−46

tification. In conclusion, we can state that our assigned particle
identification down to the appearance of single ions is clear with-
out ambiguity.

In Fig. 3 a typical frequency spectrum is shown including the
new 213Tl isotope, known isotopes for which the mass values have
been measured for the first time in this experiment and those suit-
able for providing reference masses. In Fig. 4 time traces and their
projection into a frequency spectrum are shown for the new iso-
tope 224At and close-lying ions. The single stored ions are easily
recognized in the two-dimensional presentation.

Using known masses as reference the masses of the new iso-
topes have been determined. The results are listed in Table 1. The
mass determination has been mainly performed as described in
Ref. [21]. However, the subdivision of the full frequency range has
led in general to higher accuracies, see also Ref. [19]. The atomic
electron binding energies are taken into account from Refs. [22,
23]. Their uncertainties are a negligible contribution to the errors
of our mass values. More details of the mass determination will be
given in a forthcoming paper.

Time-resolved SMS measurement can provide also half-life in-
formation along with the accurate mass measurements. Following
the trace of single or few ions the decay can be observed by the
change of the intensity in the trace. Especially interesting is the
observation of the correlated decay events, i.e., when the mother
trace disappears and the corresponding daughter trace appears.
This so-called single-particle spectroscopy is independent on the
assumption that the area of a frequency peak is strictly propor-
tional to the number of stored ions. The different methods of half-
life measurements of stored ions are discussed in Ref. [19]. The
errors for the half-lives were determined by using the approach pi-

New isotope search and mass measurements  
at the same time
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Figure 5. Schottky frequency spectra of H-like 140Pr58+ ions stored and electron cooled in the ESR (a). In the EC decay of 140Pr58+ ions, the
mass changes by QEC/c2 ⇡ 3.35 MeV/c2, which causes a small change in the revolution frequency (⇡270 Hz). The Schottky spectra in
panels (b), (c) and (d) were taken in the beginning, in the middle and at the end of the measurement presented in panel (a), respectively. It is
clearly seen that the intensity of the line corresponding to the parent 140Pr58+ ions decreases over the course of time and that the intensity of
the line corresponding to the stable daughter 140Ce58+ ions increases. The data are from [51].

The periodic modulations seen on top of the (expected)
exponential decrease of the number of EC decays of
140Pr58+ and 142Pm60+ ions might reflect exciting physics if
corroborated in future experiments [66]. This statement is
independent of what will be the final explanation. It is obvious
and emphasized by the intense discussion in the literature
(see, e.g., [67–73]) that the confirmation or refutation of this
observation deserves high priority.

5. Outlook

Many new experiments are foreseen in the ESR in the near
future. Two examples are the planned measurements
of ↵-decay rates in fully ionized and few-electron
atoms [74, 75] and the search for new long-lived isomeric
states, which are difficult to study with conventional � -ray
spectroscopy [76, 77]. We note that exotic decay channels
can be studied in the ESR such as very weak �-decay
branches, two-photon and internal pair de-excitation [78].
An obvious task is to measure still unknown half-lives. It

is essential since the calculations, which are, for example
the input for r -process models, can differ by orders of
magnitude [79]. Recently, several new neutron-rich nuclides
were discovered at the ESR and their masses and T1/2 were
determined [80, 81].

Considering future experiments on two-body �-decays,
two main targets arise. The first is the ��

b -decay of bare
205Tl81+ nuclei, which is—among other values—important for
obtaining the integral solar neutrino flux over 5 million years,
the age of minerals containing 205Pb atoms [82]. The second is
the EC of H-like 7Be [83], which is a key nucleus in the solar
neutrino physics. It is predicted that about 20–30% of 7Be can
have a bound electron in the center of the Sun [84].

The dependence of EC decay rates of H-like atoms on
total angular momentum F , nuclear magnetic moment µ and
the nuclear spins has been studied theoretically [63, 64] and
awaits experimental confirmation. It is expected that H-like
64Cu27+ (µ < 0) in the ground hyperfine state cannot decay by
the allowed EC [85]. Another example is the EC of H-like
111Sn ions, in which the ground state has F = 3, while in

5
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daughter ion. The appearance in the frequency spectrum is delayed
by 900(300) ms and 1400(400) ms for 140Pr and 142Pm recoiling
daughter ions, respectively, needed for their cooling. The cooling
times depend on both the direction and kinetic energy of the re-
coils. Their kinetic energies are 44 eV and 90 eV (c.m.) for the
cases of 140Ce and 142Nd daughter nuclei, respectively. The ESR lat-
tice and the applied ion-optical setting guarantee that all recoil
ions still remain in the acceptance irrespective on the direction of
their emission.

In β+-decay the atomic charge changes by one unit and the
frequency of the corresponding daughter ion is shifted by about
−150 kHz (30th harmonic). This frequency shift is by far larger
than our small observation band, and the decay is only seen by
a decrease of the number of the parent ions. Such a disappear-
ance, however, cannot be distinguished from the loss of the ion
due to atomic capture or loss of an electron by reactions with the
atoms of the residual gas or the electrons of the cooler. However,
from the losses observed for the stable daughter ions a loss con-
stant λloss ! 2 × 10−4 s−1 (the loss constants for H-like parent ions
and fully-ionized daughter ions are almost the same [7]) could be
extracted which is at least one order of magnitude smaller than
the EC and β+ decay constants λEC and λβ+ , respectively. We also
note that mechanical scrapers of the ESR were positioned to re-
move the decay products of the atomic charge-exchange reactions
and the β+-decay daughter ions.

Two out of many thousand runs are illustrated in Fig. 2 as
a water-flow diagram starting at the time of the injection into
the ring. These examples show one (upper panel) and two (lower
panel) injected parent ions. Each horizontal line represents a fre-
quency spectrum with 8 Hz/channel averaged over five consecutive
FFT frames. The first several seconds are needed for the combined
stochastic and electron cooling. The decay times are clearly seen.
We emphasize that such a continuous observation of both the par-
ent and daughter ions excludes any possible time-dependent alter-
ation of the detection efficiency.

3. Data analysis and results

The aim of the analysis was to study precisely the decay char-
acteristics of each EC-decaying ion. For this purpose, at least two
independent visual and one automatic analysis have been applied
to the data of each experimental run.

For achieving a better signal-to-noise ratio one may average
several subsequent Schottky spectra as it is done in Fig. 2. In this
way, however, one reduces the time resolution. In the visual anal-
ysis we analyzed the un-averaged FFT frames or the average over
two subsequent frames. For the automatic analysis we had to av-
erage 5 FFT frames in order to achieve a sufficient signal-to-noise
ratio. The details of the automatic data evaluation are described in
Refs. [19,20].

The analysis was done by inspection of each FFT spectrum
taken as a function of time. Then the time of appearance of a
daughter nucleus following the decay of its mother was deter-
mined. It was demanded that the time values determined in in-
dependent analyses agree within less than one second. Solely the
times related to the appearance of the time trace of the cooled
daughter nuclei (see Fig. 2) were considered because they could
be determined more precisely than the decay times.

The decay times from the three runs with H-like 140Pr were
combined. These results and the results for 142Pm ions are illus-
trated in Fig. 3 and in Figs. 4 and 5, respectively. The time of the
injection into the ESR is within 1 µs the time of the creation of the
ions. The data were fitted with the exponential decay function:

dNEC(t)
dt

= N(0) · λEC · e−λt, (1)

Fig. 2. Upper panel: a series of consecutive frequency spectra of a single parent
140Pr58+ ion decaying to the daughter 140Ce58+ ion 49.92 s after the injection into
the ESR. Lower panel: two injected 142Pm60+ ions decay 18.64 and 67.84 s after the
injection. The first ion decays by electron capture to a 142Nd60+ ion. The second ion
decays by β+-decay or is lost due to atomic charge exchange reactions. The times of
the correlated disappearance of the parent ions and the appearances of EC-daughter
ions are clearly seen. The first few seconds are needed for cooling. The frequency
differences between parent and daughter ions correspond to Q EC values of 3.35 and
4.83 MeV for 140Pr58+ and 142Pm60+ ions, respectively.

where N(0) is the number of parent ions at the time t = 0, the
time of injection and λ = λEC + λβ+ + λloss. The ratio of λEC/λβ+

is 0.95(8) for the H-like 140Pr and is expected to be about 0.32 for
the H-like 142Pm [9].

It is clear to see that the expected exponential decrease of the
EC-decays as a function of time shows a superimposed periodic
time modulation. To account for this modulation we fitted the data
with the function:

dNEC(t)
dt

= N(0) · e−λt · !λEC(t), (2)

where !λEC(t) = λEC · [1 + a · cos(ωt + φ)] with an amplitude a, an
angular frequency ω, and a phase φ of the modulation. For the
case of 142Pm ions only the first 33 seconds after the injection
were fitted with Eq. (2) due to the short half-life of the mother
nuclei and, thus, the fast damping of the modulation amplitude.

The fits were done with the MINUIT package [21] using the
χ2 minimization and the maximum likelyhood methods which
yielded consistent results. The fit parameters are given in Table 2.

The total decay constants λ obtained from both fitting func-
tions (Eqs. (1) and (2)) agree within their error margins for the
140Pr data and for the 142Pm data with a fit up to 33 seconds

Modulated electron capture decay 
of hydrogen-like 142Pm ions

• Oscillation was observed in 2008166 Yu.A. Litvinov et al. / Physics Letters B 664 (2008) 162–168

Fig. 5. A zoom to the first 33 s after injection of the 142Pm data presented in Fig. 4. The solid line represents the exponential decay fit according to Eq. (1). The dashed line
shows the fit according to Eq. (2). Both fits were done until 33 s after injection and are marked with an asterisk in Table 2. The inset shows the FFT spectrum obtained
from these data. A clear FFT peak is observed at about 0.14 Hz (laboratory frame). Its reduced resolution as compared to the corresponding FFT in Fig. 3 is explained by the
smaller number of points used.

Table 2
The fit parameters for the total decay constant λ, the amplitudes a, the (angular)
frequencies ω, and the phases φ are summarized for 140Pr (upper part) and 142Pm
(lower part) EC-decay data illustrated in Figs. 3, 4 and 5. The fits are done according
to Eqs. (1) and (2) which is indicated in the first column. The corresponding χ2/DoF
(DoF = degrees of freedom) are given in the last column. The results of the fits for
the 142Pm data until 33 seconds after injection are marked with an asterisk (last
two rows). All values for λ and ω are referred to the laboratory system (relativistic
Lorentz factor γ = 1.43)

Fit parameters of 140Pr data

Eq. N0λEC [s−1] λ [s−1] a ω [s−1] φ χ2/DoF
(1) 34.9(18) 0.0014(10) – – – 107.2/73
(2) 35.4(18) 0.0015(10) 0.18(3) 0.890(11) 0.4(4) 67.18/70

Fit parameters of 142Pm data

Eq. N0λEC [s−1] λ [s−1] a ω [s−1] φ χ2/DoF
(1) 41.5(17) 0.0170(9) – – – 173/124
(1) 46.8(40)∗ 0.0240(42)∗ – – – 63.77/38∗

(2) 46.0(39)∗ 0.0224(42)∗ 0.23(4)∗ 0.885(31)∗ −1.6(5)∗ 31.82/35∗

for 140Pr and 142Pm ions, respectively. The presence of the modu-
lation frequencies was also confirmed by Fast Fourier Transforms
(see insets in Figs. 3 and 5).

The amplitudes a of the periodic modulation agree within the
error margins. The average value of both systems is ⟨a⟩ = 0.20(2).
Although the ansatz of damping factor for the amplitudes might
further improve the fit quality, we refrain from presenting such an
analysis because of the still scarce counting statistics.

The fit results for the phases φ of the 140Pr and 142Pm data
reflect the different times needed to cool the recoiling 140Ce
(900 ms) and 142Nd (1400 ms) daughter ions with kinetic ener-
gies of 44 and 90 eV, respectively.

4. Discussion

The observed periodic modulations of the expected exponen-
tial decrease of the number of EC-decays per time unit still suf-
fer from restricted statistics. However, the “zero hypothesis” of a
pure exponential decay can be already rejected according to the

χ2/DoF-values from Table 2 on the 99% confidence level (one-
sided probabilities p = 0.006) for both investigated nuclear sys-
tems.

First of all, the finding of nearly the same oscillation period
of about 7 s might suggest a technical artefact as their common
origin, such as periodic instabilities in the storage ring or of the
recording systems. However, this explanation is very improbable
due to our detection technique where we have—during the whole
observation time—the complete and uninterrupted information upon
the status of each stored ion. Furthermore, the parent and daughter
ions from both systems coast on different orbits in the ESR and
have different circulation times. We can also exclude binning ef-
fects or the variance of the delay between the decay of the mother
and the “re-appearance” of the daughter ion, since these effects
lead to an uncertainty of the decay time that is much smaller than
the observed period.

It is very probable that the H-like 140Pr as well as the 142Pm
ions with nuclear spin I = 1+ are produced in a coherent su-
perposition of the two 1s hyperfine states with total angular
momenta F = 1/2 and F = 3/2. This could lead to well-known
quantum beats with a beat period T = h/&E , where &E is
the hyperfine splitting. However, those beat periods should be
more than twelve orders of magnitude shorter than the observed
ones.

The weak decay conserves the F quantum number, and since
the final state (fully ionized daughter nuclei with I = 0+ and emit-
ted electron neutrino νe) has F = 1/2, the EC-decay from the
F = 3/2 state is not allowed [8,9]. Only a hypothetical, yet un-
known, mechanism which transfers the parent ions periodically
within 7 seconds from the F = 1/2 ground state (for positive mag-
netic moment [9]) to the “sterile” F = 3/2 state and back in both
nuclides could generate the observed modulations [22].

First of all, one could think on steady population changes of
the two hyperfine states caused by the time-dependent electric
fields as the ions move at 71% of light velocity, or on periodic
changes of the vacuum in the ESR or, in particular, on spin-flip pro-
cesses due to the steady interaction of the parent nuclei with the
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T = 7.11(11) s, in accordance with a modulation period T = 7.12(11) s as obtained from simultaneous
observations with a capacitive pick-up, employed also in the previous experiments. The modulation
amplitudes amount to aR = 0.107(24) and aP = 0.134(27) for the 245 MHz resonator and the capacitive
pick-up, respectively. These new results corroborate for both detectors exactly our previous findings of
modulation periods near to 7 s, though with distinctly smaller amplitudes. Also the three-body β+ decays
have been analyzed. For a supposed modulation period near to 7 s we found an amplitude a = 0.027(27),
compatible with a = 0 and in agreement with the preliminary result a = 0.030(30) of our previous
experiment. These observations could point at weak interaction as origin of the observed 7 s-modulation
of the EC decay. Furthermore, the data suggest that interference terms occur in the two-body EC decay,
although the neutrinos are not directly observed.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recently we reported on the measurement of two-body orbital
electron capture (EC) decays of hydrogen-like (H-like) 140

59Pr58+ and
142

61Pm60+ ions [1]. We observed for both ion species, coasting at a
Lorentz factor γ = 1.43 in the ESR ion storage ring, modulations in
the time dependence of the EC decays with periods near to 7 s and
with modulation amplitudes of about 20%. Both, the 140

59Pr and the
142

61Pm nuclei undergo β+ or EC decay with pure Gamow–Teller
transitions from I = 1+ states to I = 0+ nuclear ground states
of stable 140

58Ce and 142
60Nd nuclei, respectively, with a branching

of nearly 100%. Using time-resolved Schottky Mass Spectrometry
(SMS) of single cooled ions [2–5], the EC decay of an ion is un-
ambiguously identified by a sudden rise # f of its revolution fre-
quency f in the order # f / f ≈ 10−6, corresponding to the Q EC
value of the EC decay, as the charge state of the ion does not
change. In the previous experiment the recoiling daughter ions
appeared delayed with respect to their generation, because they
could be registered by SMS only after the completion of the elec-
tron cooling [6]. For the capacitive pick-up detector [7] used in
these first experiments, the signal-to-noise ratio was too poor for
observing the cooling process in detail. Thus we could determine
only the appearance time of the cooled daughter ion, delayed by a
cooling time that could only be roughly estimated at that time [1].

A further noticeable result of the previous experiment was the
observation, that the time-averaged decay probability of the mod-
ulated EC decays was fully consistent with the decay constant
of neutral atoms after taking the atomic charge state into ac-
count [8–13]. This excluded the influence of possible oscillatory
transitions with a period of 7 s between the F = 1/2 hyperfine
ground state of the H-like ions and their F = 3/2 excited state
which is stable with respect to allowed weak decay [14].

Also the simultaneously observed β+ decays of H-like 142Pm60+

ions were analyzed in this experiment. Those decays could be
safely identified, however, only for a sub-set of observation cycles
where at most two parent ions were stored in the ESR. Accord-
ing to preliminary data from this sub-set (≈ 1800 β+ decays),
the three-body β+ decay exhibits, for a supposed modulation pe-
riod around 7 s, an amplitude of a = 0.03(3), compatible with
a = 0 [15,16]. These first observations made it indispensable to
develop a new pick-up system with an improved signal-to-noise
ratio and time resolution for scrutinizing our experimental results.
Further reasons for improved measurements are the so far very
controversial arguments on the origin of the modulation observed
in the EC decay.

In Ref. [1] it was tentatively proposed to interpret the modu-
lations as due to the properties of the electron neutrino that is
generated in the EC decay as a coherent superposition of mass
eigenstates. However, such a suggested connection of the mod-
ulations with quantum interference of neutrino mass eigenstates
(see also Refs. [17–19]) has been vigorously criticized (see, e.g.,

Fig. 1. (Color online.) Traces of two cooled 142Pm60+ parent ions, recorded at the
124th harmonic of the revolution frequency by the 245 MHz resonator vs. the time
after injection, with time- and frequency-binning of 32 ms and 31.25 Hz, respec-
tively. Both parent H-like 142Pm60+ ions decay by EC to bare 142Nd60+ daughter ions
accompanied by the emission of a “monoenergetic” electron neutrino νe . The yellow
arrows indicate the true decay times, as unambiguously identified by a decrease of
the intensity of the trace of the parent ions and the simultaneous onset of the trace
of the recoiling daughter ion. The latter starts at a revolution frequency shifted by
# f with respect to the frequency after completion of electron cooling, which re-
flects the projection of the recoil velocity onto the beam direction axis immediately
after the decay.

Refs. [20–23]). Also several alternative physical explanations have
been proposed (see, e.g., Refs. [24–27]).

2. Schottky-noise detection by means of a 245 MHz resonator

Here we report results of the re-investigation of the EC- and
β+-decay of H-like 142Pm60+ ions. For this purpose we installed
in the storage ring in addition to the capacitive pick-up [7] a
newly designed Schottky-noise frequency detector [28]. This de-
vice, a 245 MHz pillbox-like resonator cavity, exhibits a signal-
to-noise ratio improved by about two orders of magnitude with
respect to the capacitive pick-up and reveals in an unprecedented
manner hitherto hidden details of the EC decay of a single ion.
It provides not only the true decay time, but also the time-
and frequency-resolved kinematics and the entire cooling pro-
cess of the recoiling daughter ion, just from the moment of its
generation.

Fig. 1 shows a part of the time vs. revolution frequency spec-
trum of two injected parent ions with time- and frequency-binning

142Pm60+ !142 Nd60+ + ⌫e
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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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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 
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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 

PLB 797 (2019) 134800.
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Bound-State Beta Decay of Highly Charged Ions, Case 1

one obtains at each time interval the number N of the
corresponding ion species, as these intensities are propor-
tional to q2N. As can be seen from Fig. 3, a bunch con-
taining about 1900 207Tl81! ions was injected, containing a
few (about 20) 207Pb81! ions. The time-resolved Schottky
spectroscopy was applied solely to the small frequency
range comprising 207Tl81! mother ions and the near-lying
207Pb81! bound-state !"-decay daughter ions.

The time evolution of the number NTl#t$ of the bare
207Tl81! mother ions and of the number NPb#t$ of the
H-like 207Pb81! !b daughter ions is given by

NTl#t$ % NTl#0$ exp#""t$; (1)

NPb#t$ % NTl#0$
"!b

"!c
! "!b

&exp#""losst$ " exp#""t$'

! NPb#0$ exp#""losst$ (2)

where NTl#0$, NPb#0$ are the corresponding ion numbers
present at the time of injection #t % 0$. The total decay
constant " % "!c

! "!b
! "loss is the sum of the decay

probabilities to continuum #"!c
$ and bound states #"!b

$
and the loss rate "loss, which denotes an additional reduc-
tion for both, bare Tl and H-like Pb ions, due to unavoid-
able beam losses in the machine and (atomic) charge
changing processes in the electron cooler or the residual
gas. In previous experiments [10,11] it has been shown that
for neighboring bare and H-like heavy ions the correspond-
ing "loss constants are nearly equal (compared with bare
ions, the slightly smaller electron capture rate in the cooler
for H-like ions is, accidentally, nearly compensated by an
additional ionization rate in the residual gas for a pressure
of about 10"11 mbar and for a gas containing mainly
hydrogen).

Figure 3 shows as a function of time the number of
207Tl81! mother ions and their !b daughters, H-like
207Pb81! ions, taken over 1280 s. In long-time runs the
number of Tl ions could be finally reduced to one single
ion. Therewith the Schottky-noise intensity corresponding
to 1, 2, 3, . . ., n Tl ion(s) was determined. Since the charge
state q % 81 is identical for both ion species, the same
calibration could be applied for the Pb ions.

The data analysis proceeded via the following steps:
First, long-time runs exceeding more than 40 min. were
exploited to determine "loss by a separate fit to the Pb data
from the time regime after the complete decay of the Tl
ions. Then, from a fit of all available Tl data according to
Eq. (1), the initial number of Tl ions, NTl#0$, the total decay
constant " in the laboratory system and, hence, "!c

!
"!b

% "" "loss were determined. Finally, the remaining
parameters "!b

and NPb#0$ were obtained from a fit to the
Pb data according to Eq. (2). The first three points at 16 s,
48 s, and 80 s show significant deviations from the expo-
nential decay curve, caused by the long time needed to cool
the hot Tl fragments employing electron cooling.
Therefore these points were excluded from the fits.

The results for the decay constants in the laboratory
system are: " % 22:8#4$ ( 10"4 s"1, "loss % 3:8#7$ (
10"4 s"1, "!b

% 3:0#2$ ( 10"4 s"1, and, therewith,
"!c

% "" "loss " "!b
% 16:0#8$ ( 10"4 s"1. Our detec-

tion technique does not allow us to resolve transitions to
individual atomic shells of the bound-electron states.
Therefore, the above quoted "!b

value comprises the
N
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FIG. 3. Number of stored bare 207Tl81! ions and their !b
daughters 207Pb81! as a function of the storage time in the
ESR. The statistical errors for most data points are smaller
than the size of the symbols.

FIG. 2. Schottky frequency spectra of 207Tl81! ions and their
H-like !b daughters 207Pb81!, at various times after injection of
207Tl81! ions into the ESR. From the first spectrum after injec-
tion #t % 16 s$ it is clearly seen that the cooling process is not
yet completed (see text). After complete cooling, the revolution
frequencies of both ion species appear well separated by
82(1) Hz at the 30th harmonic. The particular feature here is
the simultaneous and thus direct, time-resolved observation of
the number of both mother and daughter ions.

PRL 95, 052501 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
29 JULY 2005
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The experiment was performed at the SIS synchrotron of GSI Darmstadt,
which delivered a 750 AGeV 208Pb beam with an intensity of the order of
109 ions/spill. The ions of interest 205Hg and 207Tl were produced in the
projectile fragmentation reaction. The 4 g/cm2 thick beryllium target was
placed at the entrance to the FRS. After passing the magnetic sections of
the separator the selected ions were injected into the ESR, where they could
remain for extended periods of time circulating with an energy of 400 MeV/u
which corresponds to a revolution frequency of the order of 2 MHz.

The result of a typical measurement taken during a 2000 s run is shown
in Fig. 1. The subsequently acquired Schottky noise FFT frames form a
2 D histogram showing the time evolution of the given range of the fre-
quency spectrum. The peak intensity corresponds to the number of stored
205Hg80+ and 205Tl80+ ions (left panel). The frequency gap between the
traces corresponding to mother and daughter ions is directly related to the
mass difference of these species (see Eq. (1)). The fluctuations in the revolu-
tion frequencies are due to random instabilities of magnetic field and power
supplies for the electron cooler. The presented spectra are the result of
averaging over 10.5 s (100 FFT frames).
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Fig. 1. Left panel: time evolution of the Schottky noise power density measured
in the laboratory frame. The intensity of the traces corresponds to the number of
stored 205Hg80+ and 205Tl80+ ions. The fluctuations in the revolution frequencies
are due to random instabilities of magnetic field and power supplies for the electron
cooler. The presented spectra are the result of averaging over 10.5 s (100 FFT
frames). Right panel: time distribution of the peak intensity corresponding to
number of stored 205Hg80+ and 205Tl80+ ions. The continuous line shows the fitted
theoretical dependence given by Eqs. (2) and (3). Data were taken during one
single measurement.
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Analyzing the area of frequency peaks present in the subsequently accu-
mulated Schottky spectra, for each pair of investigated nuclei a time distri-
bution of the number of mother and daughter ions stored in the ESR was
constructed (see the right panel in Fig. 1). The obtained time distributions
were fitted with functions given by Eqs. (2) and (3), changing only the total
decay rate to � = ��b

+ ��c + �loss and replacing the electron capture decay
rate �EC by the bound-state �� decay rate. The fitted decay rate values are
given in Table I. The obtained results are in good overall agreement with the
predictions of the theory employing spectra of allowed transition [23], how-
ever, particulary for 205Hg showing the value of the ��c almost 25% lower
comparing with the calculations. This is confirmed by a recent theoretical
work which provides for bare 205Hg80+ the continuous ��-decay rate value of
��c = 2.34⇥10�3 s [24]. The only possible comparison with available exper-
imental data, namely the ��b

and ��cvalues for 207Tl [25] shows consistency
with the result of the the experiment described in this work.

TABLE I

Decay rates ��b , ��c , the Q�b value and the theoretical decay rates ��b
th, ��c

th for
fully stripped 205Hg and 207Tl ions obtained in this work and compared with the
results from Ref. [25]. All decay rates are given in the ions eigenframe.

Ion ��b ��b
th ��c ��c

th ��c
neut Q�b

⇥10�4 [s�1] [keV]
205Hg80+ 3.7(3) 3.21 16.9(14) 22.1 22.5(4) 1615(3)
207Tl81+ 4.2(4) 4.06 20.3(9) 23.7 24.2(1) 1511(6)

4.29(29)a 22.9(12)a

a From Ref. [25].

3.3. Single particle decay spectroscopy

As it has been shown in previous studies the Schottky noise spectroscopy
might extend its detection limit to single stored ion for nuclear charges
Z > 30 [26, 27]. Based on this unique feature a set of experiments was
proposed focused on investigation of the electron capture phenomenon in
H-like heavy ions. Shortly later the first measurement of the H-like 140Pr58+

was performed. This research program was successfully continued and other
H-like systems like 142Pm60+ and 122I52+ were investigated as well.

The experiments were carried out in a particular mode restricting the
number of ions injected into the ESR. In such case a clear correlation between
the decrease of the intensity of the trace in the Schottky noise spectrum
corresponding to the mother ions and the intensity increase of the daughter
ions trace could be visible (see Fig. 2).
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Measurement of the bound-state beta decay of bare 205Tl ions

1. 205Pb/205Tl pair as s-process cosmochronometer 
2. The flux of solar pp neutrinos (LOREX project)

205Tl + ⌫e(> 52 keV) !205 Pb⇤ + e�
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Summary
•TDRs approved 

•Dual TOF system: urgent for CR installation 

•Schottky detector system 

•Transverse Schottky detector under 
development@GSI(+RIKEN) 

•Heavy-ion detector system @Munich 

•Phase-0 program ongoing 

•Tl-205 bound-state beta decay@ESR 

• Lanzhou IMS with double TOF: ongoing and very 
promising


