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A combination of the in-flight projectile fragment separator and the
heavy-ion storage-cooler ring has been used to produce, store and investi-
gate cooled highly charged ions. The results of recently performed experi-
ments at GSI Darmstadt studying two-body (3-decays of H-like and He-like
ions are presented. The technique of Schottky lifetime spectroscopy has
been applied to explore the electron capture and bound-state 5~ decay
processes of ions circulating in the heavy-ion storage ring.
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1. Introduction

In the last two decades storage rings have proved to be a very power-
ful and versatile tool for studying nuclear and atomic properties of highly
charged heavy ions. It became possible to carry out (-decay studies of nu-
clear systems in conditions similar to those in stellar environments where
the mean atomic charge state remains high as well. This has a large impact
on deeper understanding of the nucleosynthesis process.

It has been recognized very soon that the number of electrons bound
in the atom could modify considerably the lifetime of the corresponding
nucleus [1]. 03Dy is stable as a neutral atom, however, as a fully stripped
can decay by emission of the decay electron into the K and L shells of the
daughter atom [2]. Neutral '8"Re is known for its notably long half-life of
43 Gy, however, bare '®"Re is unstable against bound-state 3~ decay with
the electron bound in the K-shell and decays by nine orders of magnitude
faster.

Neither the electron capture decay mode nor the internal conversion of
isomeric transitions can proceed after removal of all shell electrons. By using
fully ionized fragments it is possible to study the 3T-decay alone as it was
done in an experiment investigating bare 2Fe?* ions [3].

Storage rings are moreover an irreplaceable tool for performing precise
mass measurements. The complementary methods of mass measurements
namely the Schottky Mass Spectrometry and Isochronous Mass Spectrome-
try allow us to approach nuclides with extremely different life times. Both
methods were developed at the ESR of GSI [4].

The S lifetimes together with the masses are the basic ingredients for re-
drawing the pathways of stellar nucleosynthesis in the s-, rp- and r-processes.
Precise lifetimes and mass measurements are of great importance for explor-
ing the limits of nuclear stability.

2. Experimental method

The experimental facilities at GSI/Darmstadt offer unique opportunity
for the production, storage and cooling of radioactive beams. All stable iso-
topes from hydrogen up to uranium can be accelerated by the linear accelera-
tor UNILAC and the SIS synchrotron up to energies around 1 GeV /u. After
leaving the synchrotron the primary beam impinges on a target (around
1-4 g/cm? thick) located at the entrance to the Fragment Separator (FRS).
From the vast mixture of projectile fragments highly-charged nuclides of in-
terest are selected by means of the Bp—AE—Bp method [5] and injected into
the Experimental Storage Ring (ESR) [6]. The ESR consisting of two arcs
and two straight sections has a circumference of about 108 m and is capable
of storing ions with magnetic rigidity between 0.5 and 10 Tm. The beamline
of the ESR is equipped with a set of Schottky noise probes which collect the
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mirror charge of each passing ion, thus providing the information about its
revolution frequency. In case of two different ions their revolution frequen-
cies f; and f; can be related to their relative difference of the (m/q)-ratios
by the following expression:

fi=fi 1 (/)= (m/a); < v2>,

fi Vi (m/q)i

where v;, v; are the ions velocities, v is the Lorentz factor, v = 1/ /@ and
oy is the momentum compaction factor characterizing the relative variation
of the orbital length per relative variation of the magnetic rigidity [7]. In the
experiments described in this contribution both, stochastic [8,9] and elec-
tron [10, 11] cooling were applied in order to decrease the velocity spread of
the circulating ions, thus making the second term in Eq. (1) negligible. Then
a one-to-one correspondence between the relative revolution frequencies and
the relative (m/q)-ratio could have been established, yielding a high mass
resolving power and providing an unambiguous isotopic and charge state
identification. This approach is the basis of the Schottky Mass Spectrome-
try method [7,12,13].

The longitudinal momentum spread dp/p is determined by an equilib-
rium of cooling forces from the applied cooling technique and counteracting
heating effects, such as intra-beam scattering. With electron cooling, mo-
mentum spreads dp/p in the order of 1076 and below are routinely achieved
at the ESR for low intensity ion beams [12].

The ions stored in the ESR were circulating with revolution frequencies
of about 2 MHz. The high harmonic (30-31st) of the noise signal generated
in the Schottky pick-up electrodes was amplified and mixed down with a
local oscillator providing a reference frequency. The difference signal in the
frequency range of 0-300 kHz was digitized by using a 16-bit ADC and
a Fast Fourier Transformation was applied to the data yielding revolution
frequency spectra of the coasting ions.

The integrated noise power in each harmonic of the Schottky spectrum
(peak area) is a constant and proportional to N¢? fo?, where N is the total
number of the stored ions, ¢ is their charge state and fy the mean revo-
lution frequency. Thus, Schottky spectroscopy allows particle counting by
the measurement of area in frequency peaks and nuclear lifetimes can be
obtained from the measured time evolution of these peak areas [12].

3. Two-body (-decay studies

The FRS-ESR facility combined with its detection setup is a perfect
tool for performing (-decay studies of highly charged nuclides, providing
a unique opportunity of selecting a particular decay branch [14|. In this
contribution we will focus mainly on the two-body 3-decay modes i.e. the
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orbital electron capture and the bound-state 3~ decay. A notable fact is
that in two-body (3-decays the atomic charge of the decaying nuclide does
not change. Thus, the revolution frequency of the daughter ions remains
very similar to the revolution frequency of the parent ions and the small
difference between frequency peaks directly corresponds to the difference in
mass (see Eq. (1)).

8.1. Orbital electron capture

Recently for the first time the measurements of the 3% and orbital
electron-capture decay rates of bare, H-like and He-like “9Pr have been
performed at GSI [15,16]. The 4°Pr nuclei have been produced via projec-
tile fragmentation of a 508 MeV /u 1°2Sm beam on a 1 g/cm? thick beryllium
target. The beam intensity was of the order of 3 x 10° ions/spill and the
charge states of interest of '“OPr were separated by the in-flight fragment
separator FRS (see Sec. 2).

Analyzing the frequency peaks present in the subsequently accumulated
Schottky spectra, a time distribution of the number of H-like Pr and the
(-decay daughter Ce ions stored in the ESR was constructed. In general,
the time evolution of the number of mother activity ions can be described
by the following expression

NM(t) = NM(O) e M , (2)

where Ny1(0) is the number of stored mother ions at the beginning of the
measurement and A = Ag+ + AEc + Aloss 18 the decay constant consisting
of three components responsible for 3*-decay, electron capture decay and
non-radioactive losses in the ring, respectively. In the case of the daughter
activity the number of stored ions is given by

A _ _ _
Np(t) = Nu(0) % (e Mosst _ ¢ ’\t) + Np(0)eHosst | (3)
0ss

where Np(0) is the number of the daughter ions at the beginning of the
measurement. We stress that events present in the frequency peak of the
daughter ion originate only from the electron capture transition. The prod-
ucts of the continuum 37 -decay have a different (m/q)-ratio, therefore events
corresponding to that decay branch are being placed in a distant range of
the revolution frequency spectrum.

The H-like M0Pr®8+ decay rate was found to be larger by a factor of 1.5
than in the case of He-like MOPr57* jon. This appears to be in contrast to
the simple approximation suggesting that the orbital capture probability is
proportional to the number of orbital K electrons. In particular, the decay
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rate for H-like ions Ag should be related to the decay rate of a He-like ions
by the following expression [17]

)\H = %AHe . (4)

However, the experimental result Ay = 1.49(8) A exceeds the simple pre-
diction almost by a factor of three. This non-intuitive result can be explained
by taking into account hyperfine splitting of nuclear levels in the decaying
nuclei and the conservation law of the total angular momentum. In the case
of H-like M9Pr atoms the hyperfine interaction between the electron and the
nucleus splits the I; = 1 nuclear state into two levels with a total angular
momentum of F' = 1/2 and F' = 3/2. In the final state the total angular
momentum of the system can only have one value F' = 1/2, deriving from
the coupling of the Iy = 0 angular momentum of the 140Ce nucleus and the
s = 1/2 spin of the emitted neutrino. Based on the systematics of neighbor-
ing odd-A nuclei the value of the magnetic moment of °Pr was deduced
to be u = +2.5uyn [18], hence, the lower hyperfine state is assigned to the
F =1/2 level. Therefore, only transitions from the F' = 1/2 hyperfine level
can participate in the allowed decay to the final state in "°Ce.

Indeed a detailed derivation shows [19] that for the Al = Iy — I; = —1
electron capture transitions

AH = 3 \ke, (5)

which is in very good agreement with the experimental value. Recent cal-
culations taking into account the electron screening of the electric charge of
the nucleus in the He-like "OPr®"* jon provides a decay constant ratio of
Ai/Ane = 1.50(4) which agrees with the experimental result very well [20].
This findings have been confirmed in a recent experiment performed at GSI
where the decay rates of both H-like and He-like '*?Pm have been mea-
sured [21]. The 2Pm nuclei decay by 96.4% via allowed Gamow—Teller
transition (17 — 0%) to the stable ground state of the #2Nd%* daugh-
ter nuclei. The ratio of the electron capture decay constants of H-like and
He-like ions was found to be Ay = 1.44(6)Age which is consistent with the
theoretical predictions.

3.2. Bound-state B~ decay

Bound-state S~-decay (), the time-mirrored orbital electron capture
process, was experimentally discovered [2] and further explored in experi-
ments involving the ESR [22,25]. In this contribution we report on the direct
observation of bound-state 3~ -decays of fully-ionized 2°°Hg®* and 207T131+
atoms.
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The experiment was performed at the SIS synchrotron of GSI Darmstadst,
which delivered a 750 A GeV 2°8Pb beam with an intensity of the order of
102 ions/spill. The ions of interest 2°°Hg and 2°7T1 were produced in the
projectile fragmentation reaction. The 4 g/cm? 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 2000s 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 205T1%* 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 10.5s (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 205Hg8%+ and 20°T18%+ 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 10.5s (100 FFT
frames). Right panel: time distribution of the peak intensity corresponding to
number of stored 20°Hg8%* and 205T18%+ ions. The continuous line shows the fitted

theoretical dependence given by Egs. (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 Eqgs. (2) and (3), changing only the total
decay rate to A = Ag, + Ag, + Aloss and replacing the electron capture decay
rate Agc by the bound-state 5~ 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 2°Hg showing the value of the Ag, almost 25% lower
comparing with the calculations. This is confirmed by a recent theoretical
work which provides for bare 2> Hg8%* the continuous 3~ -decay rate value of
Mg, = 2.34 x 10735 [24]. The only possible comparison with available exper-
imental data, namely the Ag, and Ag_values for 2°7T1 [25] shows consistency
with the result of the the experiment described in this work.

TABLE I

Decay rates Ag,, Ag,, the Q s, value and the theoretical decay rates g, "', A\g_ ™ for
fully stripped ?°>Hg and 2°"TI ions obtained in this work and compared with the
results from Ref. [25]. All decay rates are given in the ions eigenframe.

Ion Ag, A, Ag, Mg A Qp,
x1074 [s71] [keV]
205Hg80+ | 3.7(3) 3.21  16.9(14) 22.1  22.5(4) | 1615(3)
2078+ 4.2(4) 4.06  20.3(9)  23.7  24.2(1) | 1511(6)

4.29(29)* 22.9(12)*

# 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 M0Pr?8+
was performed. This research program was successfully continued and other
H-like systems like 142Pm%%* and 22I52* 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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Fig.2. Schottky noise power density spectra consecutively measured for 4°Pr in

the laboratory frame. The single °Pr°®* ion decaying to the daughter 140Ce®8+

49.92 s after the injection into the ESR [28].

Thus, the continuous observation of the parent and daughter ions ex-
cludes any possible time-dependent alteration of the detection efficiency [28].
The ion-optical mode used for running the ESR guarantees that the daugh-
ter ions remain in the apparature, therefore a uniform detection efficiency
for the 47 solid angle is provided.

Since the times related to the appearance of the daughter ion trace in the
Schottky spectrum could be determined more precisely than the decay times,
only those were taken into consideration for the further analysis. The decay
times from each of the three experiments mentioned above were combined
together yielding time distributions of the electron capture events for each
of them. A time modulated decay probability of the orbital electron capture
has been observed for H-like 140Pr®8+ 142pm60+ 28] and as a preliminary
result for 122I52F jons. As an example the results of the “9Pm measurement
are presented in Fig. 3. A fit procedure involving a pure exponential decay
function (continuous line in Fig. 3) does not reproduce the measured data,
hence a superimposed periodic time modulation has been included in the
model used for the data estimation:

dNgc (t)

— - Nec(0)e M Agc(t) (6)

where a time dependent decay probability can be expressed as
Aec(t) = Agc(1 + acos(wt + ¢)), (7)

and a is the modulation amplitude, w the angular frequency and ¢ is the
phase of the modulation. A modulation period of T' = 7.06(8) s for 4°Pr,
T = 7.10(22)s for *2Pm and preliminarily 7 ~ 6.0 s for 22T has been



Studies of Two-body B-Decays at the FRS-ESR Facility 533

70 —T T

Amplitude [arb. units]
N

Number of EC decays per 0.64 seconds

Time after injection into the ESR [sec]

Fig. 3. Decay rate of "*2Pm. The solid line shows a pure exponential fit, the dashed
line includes a superimposed modulation. The inset shows the FFT spectrum
obtained from these data [28§].

observed. A summary on the fit results is given in Table II. The almost
constant value of the T'/M ratio included in the last column of Table II
could indicate that the modulation period 7" might scale with the mass M
of the decaying system [28,29]. This statement is based on the preliminary
value of the modulation period T for 1?21, though.

TABLE II

Summary of the fit results of the data collected for the '49Pr, 2Pm and the pre-
liminary results for '22I. All values for w and T are given in the laboratory frame.
More detailed compilation of the experimental results can be found in Refs. [28,29].

M[amu] wls™] Tabs] a T/M [s/amul]
122 ~ 1.04* ~ 6.0* ~ 0.2* ~ 0.05*
140 0.890(10) 7.06(8) 0.18(3) 0.0504(5)
142 0.885(27) 7.10(22) 0.23(4) 0.0500(10)

*Preliminary results.

An attempt of explaining the origin of these striking results had already
been formulated as a hypothesis by one of the authors (F.B.) long before
these experiments were performed. If one considers the emitted electron
neutrino as a superposition of at least two mass eigenstates [28,30] an over-
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lap of the energies of the massive neutrino mass eigenstate and of the wave
functions of the daughter ions is caused by the energy and momentum uncer-
tainties introduced by the time differential detection of the daughter ions in
GSI experiments [30]. A recently developed theory suggests the modulation
period to be proportional to the mass of the parent ion, thus remaining in
agreement with the tentative experimental result [30].

We have to stress that according to the preliminary data for the three-
body BF decay of *?Pm the modulation is not present in the decay time
distribution. This suggests that the effect is solely related to monoener-
getic neutrinos and experimental effects and nuclear properties of the initial
state can be excluded. A much more detailed discussion of the described
phenomenon can be found in Refs. [28,30].

4. Summary

The technique of Schottky lifetime spectroscopy has been applied to
explore the electron capture and bound-state S~ decay processes of ions
circulating in the ESR.

The electron-capture decay rate measurements for H-like 9Pr and 2Pm
show that reduction of the number of shell electrons in the decaying atom
can increase the probability of the electron capture transition. The obtained
results are explained by taking into account the conservation of the total
angular momentum of the nucleus—lepton system and including the hyperfine
interaction in the theory of the electron capture decay. As a next step the
measurement of the H-like %4 Cu lifetime is scheduled [31]. The negative value
of its magnetic momentum assigns the lower hyperfine state to the F' = 3/2
total angular momentum. Therefore, the electron capture transition to the
4Ni ground state (I; = 0, F = 1/2) should be strongly hindered.

We report on the direct observation of bound-state S~ -decays of fully-
ionized 25Hg80* and 297TI®'* atoms. The obtained results are in good
overall agreement with the predictions of the theory employing spectra of
allowed transition. However, the \g. decay rate for bare 205Hg nuclei was
found to be smaller comparing to the results of the calculations.

The continuation of this research programme could focus on investigation
of the By-decay phenomenon in 2%°TI [32] being of great importance for the
solar neutrino flux determination [33].

Time dependent Schottky Noise Spectrometry may appear as a new
method for studying neutrino properties investigating two body decays in a
storage ring where ions are kept in quasi free conditions [28,34]. A time mod-
ulated decay probability of the orbital electron capture has been observed
for H-like 140P1r%8+ and "?PmOb%+ ions. The preliminary analysis indicates a
similar behaviour of the decay rate probability for 122I°2*. A possible expla-
nation of this results is given by considering the emitted electron neutrino as
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a superposition of at least two mass eigenstates. We should emphasize that
this interpretation is broadly disputed [35-37| and needs an urgent experi-
mental confirmatiom or disproval. Our preliminary results suggests that the
modulation period might scale with the mass M of the decaying nucleus.
This finding would remain in agreement with the prediction of a recently
developed theoretical model.
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