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Abstract. The half-lives of fully ionized and hydrogen-like (H-like) ‘22T ions have been measured in a
heavy-ion storage ring. The 3"-decay constants for both charge states and the electron capture (EC)
decay constant of H-like ions have been determined. The EC-decay constant in H-like '22I ions Ahcoke =
7.35(33) - 10~%s7! is, within the uncertainty, the same as the one in neutral atoms. This result is in
agreement with the estimates of recent theoretical considerations on the EC-decay of few-electron ions that
explicitly take into account the conservation of the total angular momentum of the nucleus plus lepton(s)
system and its projections. No firm confirmation could be concluded from our results on the predicted effect
that allowed Gamow-Teller transitions become forbidden if the initial and final total angular momenta are
not equal.
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1 Introduction

The advent of radioactive ion beam facilities enabled in-
vestigations of 8-decay in highly charged ions [1]. Such in-
vestigations are interesting, since highly charged ions offer
the unique possibility to study 8-decay under “clean” con-
ditions. For instance, the parent ions can be prepared in a
simple, well-defined quantum state, as fully ionized (bare),
hydrogen-like (H-like) or helium-like (He-like) ions. In this
way, the complicated corrections, which arise in neutral
atoms due to the effects of many particles [2], like partial
screening of the nuclear charge by the electron cloud, can
be disentangled. Furthermore, some decay channels that
are not present in neutral atoms can be opened up when
the atoms are highly ionized, such as the bound-state (-
decay [3,4]. And, vice versa, some decay modes known in
neutral atoms can become forbidden in highly charged ions
like, e.g., the electron conversion decay of nuclear excited
states is disabled in bare nuclei [5,6].

The dependence of the (-decay probabilities on the
atomic charge states can affect the pathways of nucle-
osynthesis in stars, since atoms are highly ionized in the
corresponding high-temperature and high-density stellar
environments [7,8].

Studies of B-decays in highly charged ions require dedi-
cated experimental facilities since the radioactive nuclides
in high atomic charge states have to be produced, puri-
fied from contaminants and stored for extended periods of
time. Up to date, all studies of $-decay in highly charged
ions have been conducted at the experimental storage ring
ESR at GSI Helmholtzzentrum fiir Schwerionenforschung
in Darmstadt, Germany. For a comprehensive review the
reader is referred to ref. [1].

In this work we report on the half-life measurements
of fully ionized and H-like 1221 ions. More specifically, the
orbital electron capture (EC) decay constant in H-like 1221
ions as well as ST-decay constants in fully ionized and H-
like '22I ions have been accurately determined. These mea-
surements are a continuation of the experimental program
on (-decay studies of bare and few-electron nuclides. Pre-
viously, EC- and $T-decay constants have been obtained
for H-like and He-like Pr [9-11] and **2Pm [11,12] ions.
Ground states of '*9Pr and '2Pm nuclei have spin-parity
I™ = 1% and decay mainly (more than 95% of the de-
cay strength) by a single allowed Gamow-Teller transition
to the ground states of the corresponding daughter '4°Ce
and '*2Nd nuclei which have spin-parity 0" [13]. As in the
cases of 9Pr and '2Pm, the spin-parity of the ground
state of 221 nuclei is 17. We note that the data given in
ref. [13] correspond to data for neutral atoms. However,
only about 82% of the decay strength goes to the ground
state of the stable daughter '?2Te nuclei (1* — 0%) and
the remaining decay strength is distributed over several
excited states in the '2?Te nuclei.

In this work, we also attempt to study (1T — 2%) EC
transition in H-like ions, where a significant reduction of
the decay strength is expected [14-17].
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2 Experiment

The GSI facility represents a worldwide unique combina-
tion of the heavy-ion synchrotron SIS, the in-flight frag-
ment separator FRS and the experimental storage ring
ESR [18], which makes the study of the decays of highly
charged ions possible! [1]. In the experiment described
here, the primary beams of stable !32Xe ions with inten-
sities of up to 5 - 10% ions/spill have been accelerated by
the SIS to relativistic energies of 593 MeV /u. The sec-
ondary beams of '??I ions have been produced by pro-
jectile fragmentation reaction of the primary beams in a
2.5 g/cm2 thick °Be production target placed in front of
the FRS [22]. At such high kinetic energies, the 1221 re-
action products emerge from the target predominantly as
fully ionized ions [23], which have been used for an efficient
in-flight separation from the $-decay daughter 122Te ions.
For this purpose, we have set up the FRS up to its middle
focal plane [22], where a 737 mg/ cm” thick homogeneous
aluminium energy degrader was installed, to transmit the
bare 1221°3+ nuclei. Since it is not possible to form '?2Te
in the charge state 53+, no '?2Te ions were transmitted up
to the degrader. The energy of the primary beam has been
chosen such that the 121 ions have the energy of exactly
400 MeV /u after passing through the degrader. Then, the
second half of the FRS up to the ESR has been tuned to
transmit alternatively pure beams of H-like or fully ion-
ized 1221 ions. The employed Al material is much thicker
than the equilibrium thickness of about 60 mg/cm®. The
equilibrium charge state distributions have been calcu-
lated with the GLOBAL code [23]. Thus, the '?2I ions
emerging from the degrader were present to about 97.3%
as bare nuclei, to 2.7% as H-like and to less than 0.02% as
He-like ions. The latter yield turned out to be too small
for performing any half-life measurements of He-like 1221
ions in the present experiment.

The H-like or fully ionized '2?I ions transmitted
through the FRS have been injected and stored in
the ESR. The rest gas pressure in the ESR is about
10~ mbar which is an indispensable condition for the
present measurements. The inevitable —due to the nu-
clear reaction process— velocity spread of stored ions has
been reduced by stochastic [24] and electron [25] cool-
ing, which allowed achieving a velocity spread as low as
§v/v ~5-10~7 in about 6 s. The former cooling method
is switched on for about 4 s for fast pre-cooling of the
ions. It is designed to operate at the fixed energy of the
stored beam of 400 MeV /u, the energy of 122 ions after
the energy degrader. The electron cooler was on during
the entire measurement time.

The revolution frequency of cooled ions is a measure
of their mass-over-charge ratio [26] and can be used for
the unambiguous identification of parent and daughter nu-
clides. The revolution frequencies have been measured by

! We note that a secondary ion beam facility at the Institute
of Modern Physics in Lanzhou, China, has been commissioned
recently and will soon become capable of conducting similar
experiments (for more details see refs. [19-21] and references
cited therein).



Eur. Phys. J. A (2012) 48: 22

applying the Schottky mass spectrometry (SMS), which is
routinely employed at the ESR for direct mass measure-
ments of exotic nuclei [27-33].

Tons at 400 MeV /u circulate in the ESR, which has
a circumference of ~ 108.4m, with frequencies of about
2MHz. Every highly charged ion induces mirror charges
at each revolution on a couple of electrostatic pick-up elec-
trodes placed inside the ESR aperture. Since the induced
signals are periodic in time, the Fourier transform of the
digitized noise from the pick-up yields the revolution fre-
quency spectrum (noise—povver density spectrum). Typi-
cally in our experiments, we analyze the 29-30th harmonic
of the revolution frequency, that is frequencies around
f = 60MHz. At these harmonic numbers the entire fre-
quency acceptance of the ESR is about 320 kHz [29]. In the
present experiment we have employed a commercial real-
time spectrum analyzer Sony-Tektronix 3066. A 5 kHz fre-
quency bandwidth centered at the frequency of the parent
1221 jons has been recorded. The spectrum analyzer was
capable of storing one spectrum per second, where each
spectrum had a frequency resolution of about 8 Hz per
channel corresponding to 128 ms acquisition time. More
details on the data acquisition system can be found in
refs. [11,34].

In the EC-decay, the mass of the ion is changed by the
Qrc-value but the charge stays unchanged [35]. Thus, the
EC-decay causes a sudden change in the revolution fre-
quency of about 200Hz (at the 30th harmonic). In the
Bt-decay the charge changes by one unit which leads
to a change of revolution frequency by about 150kHz
at the 30th harmonic. Since the ST-decay followed by
an electron-stripping reaction populates the fully ionized
daughter ions as the EC-decay, we have restricted the ESR
acceptance with mechanical slits such that no 3t-decay
daughter ion can be stored (see also ref. [36]).

3 Data analysis

In total, 5 measurements with bare '22I°3* nuclei and 9
measurements with H-like '22I52% jons were conducted.
The data have been independently analyzed by two groups
which have developed different data analysis packages.

The measurement time after each injection of the ions
into the ESR was about 1200s. For each measurement
we produced 100 spectra by averaging 12 recorded spec-
tra of 128 ms length. The averaging reduces the ampli-
tudes of the random noise by a factor v/12, thus improving
the signal-to-noise characteristics of the produced spectra.
The relative error of the amplitudes of the noise power
density A is defined [37-39] as follows:

oA 1

A~ N, (1)

where N,, = 12 denotes the number of averaged spectra.

While the revolution frequencies of the ions provide an
unambiguous isotope identification, the intensities of the
frequency peaks reflect directly the corresponding num-
ber of stored ions [35,37]. In addition to the number of
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particles, the areas of the frequency peaks depend also
linearly on the revolution frequency and quadratically on
the ionic charge. Since the frequency difference of the par-
ent and EC-decay daughter ions is approximately 200 Hz
(at 60 MHz) and the ionic charge is identical, these con-
tributions are negligible in our context.

H-like 22T ions decay by the two-body EC- and the
three-body ST-decay. Therefore, the total decay constant
of the H-like 1221 is given by the sum

A= )\ﬂ+ + )\EC + )\lossa (2)

where \g is the f1-decay constant, Agc is the EC-decay
constant and \j,ss is the loss constant which accounts
mainly for the ion losses due to atomic interactions with
the residual gas in the ring or with electrons in the ESR
cooler.

The evolution of the number of stored parent 22152+
ions, Ni(t), is described as follows:

Ni(t) = Ni(0) - e, 3)

where N1(0) is the number of parent ions at the time t =
to, the starting time of the measurement.

It is probable that by picking up an electron from the
Al degrader the H-like 221 ions are produced in both hy-

perfine states with total angular momenta F; = I; — % =1

2
and F; = I; + % = %, where ¢ indicates the initial (par-
ent) state. The magnetic moment of '?21 ground state has
been measured to be u = +0.94(3)un [40], where un is
the nuclear magneton. Because it is positive, the hyper-
fine ground state is F; = %

Following [14], we have calculated the hyperfine split-
ting energy to be about AE; =~ 0.28eV, which corre-
sponds to a half-life (F; = 2 — F; = 1) of t;/, ~ 2.0s.
Therefore, in order to have all '22I ions in the hyperfine
ground state prior to the start of the analysis, we have
used data only for ¢t > 24 s after injection. We note, that
no repopulation of the upper hyperfine states has been
observed in the experiments conducted up to now at the
ESR, see, e.g., ref. [41].

As mentioned above, the orbits of the daughter ions
from the S7-decay lie outside the acceptance of the ESR.
Due to the small frequency difference between the par-
ent and EC daughter ions, the latter remain stored in
the ESR. Hence, the number of stored EC-decay daugh-
ter 122Te®?* jons can be measured simultaneously. The
evolution of the number of stored daughter '22Te®?* jons,
Nro(t), can be written as [12,34]

AEC
A— )\loss
N1 (0) - €N, @

NTe(t) = NI(O) (e_Alosst _ e—)\t)

where Nt (0) is the number of EC-decay daughter ions at
t =1p.

Examples of a decay curve of H-like '22I ions and a
growth curve of bare '22Te ions are shown in the lower
part of fig. 1.
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Fig. 1. The evolution of Schottky peak areas for ***I°*% (upper

panel) and 22I°2T and '??Te®?" (lower panel) ions. The fits are
illustrated according to egs. (3) and (4).

Table 1. EC- and/or 3"-decay constants for neutral atoms
(estimated using the data from ref. [13]), fully ionized and
H-like '2°T ions (this work). The values from this work were
converted to the rest frame of the ions by using the Lorentz
factor v = 1.42941.

Ton g+ [s7) Aec [s7Y]
12210+ 2.48(23) - 1073 7.0(6) - 1074
122752+ 2.80(15) - 1073 7.35(33)-107*

122753+ 2.63(17) - 1073 -

Bare '22I°3* jons can undergo only the three-body 37 -
decay (Agc = 0) and only the reduction of the number
of stored 122I°3* ions has therefore been measured. The
measured data points were fitted using eq. (3) by setting
A = Ag+ + Aoss- The loss constant, Ajoss, has been ob-
tained from the evolution of the number of the stored
122Te52+ daughter ions given by eq. (4) and amounts to
{Noss) = 1.5(5) - 107*s~1. An example of the decay curve
of bare '22I°3% nuclei is illustrated in the upper part of
fig. 1.

The x? minimization procedure has been employed for
determining the fit parameters in egs. (3) and (4). The re-
duced y2-values of the fits lie in the range of 1.6 < x? < 3.
These values are larger than unity and, thus, give a hint
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that our uncertainties might be underestimated. To ac-
count for the latter, we have used the standard procedure
and increased the uncertainties of the fit parameters by a
factor /2.

Data analyses performed by two independent groups
provided consistent results. Furthermore, the decay con-
stants deduced from different measurements are consistent
for bare and H-like ions. The final decay constants for fully
ionized and H-like 2T ions, obtained by weighted averag-
ing, are given in table 1.

4 Discussion

The estimated EC/BT branching ratios for the decays
to different states in '??Te are tabulated in ref. [13].
From this it follows that neutral '22I atoms decay by
22 + 2% via EC-decay and by 78 2% via ST-decay. Tak-
ing into account the measured half-life of neutral atoms
Ty /2 (*#21°F) = 3.63(6) min [13], the corresponding EC-
and B3'-decay constants were calculated and are listed in
table 1. The 8T-decay constants agree within 20 for all
listed charge states, which is expected since the effect of
the electron screening and the modified ()g+-value on the
BT -decay probability should be smaller than a few per-
cent, well below the experimental uncertainties.

The measured EC-decay constant of H-like
ions Mdke = 7.35(33) - 10~*s~! is within the error bars
the same as the EC-decay constant of neutral 221 atoms
Apeutral — 7.0(6) - 10~*s~!, though the number of bound
electrons in H-like ions is just one, which has to be com-
pared to 53 electrons in neutral atoms. It is obvious that,
similar to the previously measured EC-decay probabilities
of H-like °Pr and '2Pm ions, the simple scaling of the
EC-decay rate being just proportional to the density of all
bound (s)-electrons at the nucleus does not hold.

We note that the effects due to hyperfine interaction
have been observed in p-capture in muonic atoms [42] and
also in EC-decay of neutral atoms, where shifts in the
energies of K X-rays following the EC-decay were mea-
sured [43]. The necessity to take into account the con-
servation of total angular momenta of the nucleus-lepton
system in the EC-decay of highly charged ions has been
noted in ref. [44]. The obvious advantage of employing
highly charged ions is that a decay of a parent ion pre-
pared in a pure hyperfine state can be investigated. First
investigations of EC-decay of H-like °Pr and '4Pm
ions [9,12] have shown that this is indeed essential. In
these two cases it was found that the main transitions
(F; =3, I; =1%) — (Fy = 1, Iy = 0%), where f indi-
cates the final (daughter) state, are by about 50% faster
in H-like ions than in the corresponding He-like ions.

In the present case, the EC-decay strength of !22I
nuclei is distributed over several states in the daughter
122Te nuclei, where 74.3 + 7.0% and 22.5 & 5.2% of the
EC-decays correspond to (I; = 17) — (Iy = 0%) and
(I; =17) — (Iy = 27) Gamow-Teller transitions, respec-
tively. For the remaining 3.1 4 0.6% of the decays, several
Iy values are tentatively assigned in ref. [13].

122152+
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Since we started our measurements 24 s after the in-
jection of the ions into the ESR and since the number of
injected ions was kept below 1000 ions, we can safely as-
sume that all H-like 122I°2% jons are stored in the ESR
in the hyperfine ground state F; = % The transitions
(F; =3, I; =1%) — (Fy = 1, I; = 07) conserve the to-
tal angular momentum and, analogously to the cases 10Pr
and *2Pm ions, we can assume that they are 1.5 times
faster than the corresponding transitions in He-like ions
(for the theoretical explanation of this effect, the reader
is referred to refs. [14,15,17]). However, we expect that
allowed Gamow-Teller transitions (I; = 17) — (I = 271),
become forbidden in our case since it is impossible to form
a state with Fy = % We note that any contribution of for-
bidden EC-decays can safely be neglected in our context.

Since the production yield of He-like 122I°!* ions was
too small for a successful measurement of AH&lke it has
to be deduced theoretically. For this purpose, we per-
formed relativistic Dirac-Fock calculations [45] to esti-
mate the total electron densities at the nucleus for the
neutral (pPeitra!) and He-like ions (pf¢1ke). The ratio of
these densities piic-like /pueutral — (87 and thus the esti-
mated AJ&Ike = 6.1(4) - 107*s71. The validity of such
an estimate has been verified by numerous A, measure-
ments [2] as well as by our previous results on AHg&mke
of 1OPr and '*?Pm ions. Thus, assuming only the (F; =
i, I; =1%) — (Fy = %, Iy = 0T) transitions, we obtain
MIdike — 1.5 x P(1T — 0F) x Alglike = 6.8(8) - 1074571,
where P(1T — 07) = 0.743(70). This result is in good
agreement with our measured value (see table 1).

However, due to the relatively large uncertainties of the
experimental values as well as of the theoretical estimates,
no clear conclusion can be drawn on the contribution of
(I, = 17) — (I; = 27) transitions to the EC-decay of
H-like 22152+ ions.

Putting all values together, the measured EC-decay

constant of H-like 122152+ jons, AIcike(exp), can be writ-
ten as

MBS (exp) = At
X <1.5 Pt 0N +a2-POT — 2*)),

(5)

where P(1T — 07) = 0.743(70), P(1* — 2%) =
0.225(52), and Aglike = 6.1(4) - 107*s~1. Thus, the rel-
ative contribution of (I; = 17) — (I = 2%) transi-
tions in H-like ions can be estimated and amounts to
x = 0.4440.66. This result allows for the same strength of
these transitions in H-like and in He-like ions, and at the
same time it is compatible with the hypothesis of the for-
bidden (I; = 17) — (I = 2") transitions in H-like ions.
We note that we neglected in the above calculations the
3.1£0.6% of the decay strength to the states in 1?2 Te ions
with tentatively assigned spins, which correspondingly in-
crease the final uncertainties.
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5 Summary and outlook

EC- and/or B3*-decay constants of fully ionized and H-
like 12T ions have been measured at the experimental
storage ring ESR. The obtained results show that the
EC-decay rate of H-like 22I°2% ions, that is with a sin-
gle bound electron, is comparable to the EC-decay of
neutral '22I°% atoms with 53 bound electrons. This re-
sult confirms previous observations in H-like '°Pr and
142Pm ions, that the allowed Gamow-Teller transitions
(F, = 3, I; = 1) — (Fy = §, Iy = 07), conserving
the total angular momentum, F; = Fy, are by 50% faster
in H-like ions compared to the respective He-like ions.

In addition to the above result, in this paper we ad-
dressed for the first time the (17 — 2%) allowed Gamow-
Teller transitions in H-like ions. It was predicted [14-16]
that such transition would become forbidden, if the par-

ent ions are stored in the F; = % hyperfine state, since no
1

state with Fy = 5 can be formed and thus no transitions
conserving the total angular momentum F' are possible.
The accuracy of our experimental data and of theoret-
ical decay rate estimations, however, were not sufficient
to draw a definite conclusion supporting or refuting this
prediction.

In this context, more suitable nuclei have to be inves-
tigated. The case of the EC-decay of H-like '''Sn is briefly
discussed in ref. [16]. Another interesting case can be the
EC-decay of H-like 143Sm ions [46]. This nucleus decays
mostly (about 92%) by a single Gamow-Teller transition
from the ground state with I™ = %Jr to the ground state
%Jr of the daughter "3Pm nucleus. The nuclear magnetic
moment is positive p = +1.01(2)un [40]. Accordingly, the
hyperfine ground state of 43Sm ions with one bound elec-
tron has a total angular momentum F; = 1. Since the
possible total angular momenta of the daughter ion and
the emitted neutrino can only be Fy = 2 and Fy = 3, there
is no allowed transition possible which conserves the total
angular momentum, and thus only a very weak EC-decay
is expected. It is planned to test this hypothesis by mea-
suring the EC-decay constants in H-like and He-like **Sn
and/or *3Sm ions in the storage ring ESR at GSI or in
the Experimental Cooler-Storage Ring (CSRe) at IMP in
Lanzhou [46].

The authors would like to thank the GSI accelerator team
for the excellent technical support. Fruitful discussions with
K. Blaum, S.Yu. Torilov, X. Ma, H. Xu, X. Tu and Y. Yuan
are gratefully acknowledged. This work was supported by
the BMBF Grant in the framework of the Internationale
Zusammenarbeit in Bildung und Forschung Projekt-Nr. CHN
11/012. TS, TY, TO and TI are grateful for a grant-in-aid
for a scientific research No. A19204023 by the Japanese Min-
istry of Education, Science and Culture. This work was sup-
ported by the Alliance Program of the Helmholtz Associa-
tion (HA216/EMMI). YuAL acknowledges the support by CAS
(Grant No. 2009J2-23). MSS acknowledges the support by the
Helmholtz International Centre for FAIR within the framework
of the LOEWE program launched by the State of Hesse. DS
is supported by the International Max Planck Research School



Page 6 of 6

for Precision Tests of Fundamental Symmetries at MPIK. BS is
partially supported by NECT and NSFC 11105010. ZP would
like to acknowledge the financial support by Narodowe Cen-
trum Nauki (Poland) grant No. 2011/01/B/ST2/05131. DB
acknowledges the Bulgarian National Science Fund, grant DID-
02/16. PK appreciates the support of the DFG Excellence
Cluster Universe of the Technische Universitat Miinchen.

Open Access This is an open access article distributed
under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0), which
permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

References

1. Yu.A. Litvinov, F. Bosch, Rep. Prog. Phys. 74, 016301

(2011).

W. Bambynek et al., Rev. Mod. Phys. 49, 77 (1977).

M. Jung et al., Phys. Rev. Lett. 69, 2164 (1992).

F. Bosch et al., Phys. Rev. Lett. 77, 5190 (1996).

Yu.A. Litvinov et al., Phys. Lett. B 573, 80 (2003).

B. Sun et al., Phys. Lett. B 688, 294 (2010).

K. Takahashi, K. Yokoi, Nucl. Phys. A 404, 578 (1983).

K. Takahashi, K. Yokoi, At. Data Nucl. Data Tables 36,

375 (1987).

9. Yu.A. Litvinov et al., Phys. Rev. Lett. 99, 262501 (2007).

10. H. Geissel et al., Eur. Phys. J. ST 150, 109 (2007).

11. Yu.A. Litvinov et al., Phys. Lett. B 664, 162 (2008).

12. N. Winckler et al., Phys. Lett. B 679, 36 (2009).

13. National Nuclear Data Center, http://www.nndc.bnl.
gov/.

14. Z. Patyk et al., Phys. Rev. C 77, 014306 (2008).

15. A.N. Ivanov et al., Phys. Rev. C 78, 025503 (2008).

16. Yu.A. Litvinov, Int. J. Mod. Phys. E 18, 323 (2009).

17. K. Siegien-Iwaniuk et al., Phys. Rev. C 84, 014301 (2011).

18. H. Geissel et al., Phys. Rev. Lett. 68, 3412 (1992).

PN T W

19.
20.
21.
22.
23.

24.

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.

39.

40.
41.
42.
43.
44.

45.

46.

Eur. Phys. J. A (2012) 48: 22

Yu.A. Litvinov et al., Acta Phys. Polon. B 41, 511 (2010).
X.L. Tu et al., Phys. Rev. Lett. 106, 112501 (2011).
Yu.A. Litvinov, H.S. Xu, Nucl. Phys. News 21, 20 (2011).
H. Geissel et al., Nucl. Instrum. Methods B 70, 286 (1992).
C. Scheidenberger et al., Nucl. Instrum. Methods B 142,
441 (1998).

F. Nolden et al., Nucl. Instrum. Methods A 532, 329
(2004).

M. Steck et al., Nucl. Instrum. Methods A 532, 357 (2004).
B. Franzke, H. Geissel, G. Miinzenberg, Mass Spectrom.
Rev. 27, 428 (2008).

T. Radon et al., Nucl. Phys. A 677, 75 (2000).

Yu.A. Litvinov et al., Phys. Rev. Lett. 95, 042501 (2005).
Yu.A. Litvinov et al., Nucl. Phys. A 756, 3 (2005).

F. Bosch et al., Int. J. Mass Spectr. 251, 212 (2006).

L. Chen et al., Phys. Rev. Lett. 102, 122503 (2009).
M.W. Reed et al., Phys. Rev. Lett. 105, 172501 (2010).
L. Chen et al., Phys. Lett. B 691, 234 (2010).

T. Ohtsubo et al., Phys. Rev. Lett. 95, 052501 (2005).

F. Bosch, Hyperf. Interact. 173, 1 (2006).

C. Scheidenberger et al., Hyperf. Interact. 173, 61 (2006).
B. Schlitt, Schottky mass spectrometry at the heavy
ton storage ring ESR, Doctoral Thesis, Ruprecht-Karls-
Universitat Heidelberg (1997).

J.S. Bendat, A.G. Piersol, Engineering Applications of
Correlation and Spectral Analysis (John Wiley & Sons,
New York, 1980).

R.B. Randall, B. Tech, Frequency Analysis, third edition
(Briiel & Kjeer, Neerum, 1987).

N.J. Stone, Nucl. Data Sheets 112, 75 (2011).

P. Seelig et al., Phys. Rev. Lett. 81, 4824 (1998).

H. Primakoff, Rev. Mod. Phys. 31, 802 (1959).

G.L. Borchert et al., Phys. Lett. A 63, 15 (1977).

L.M. Folan, V.I. Tsifrinovich, Phys. Rev. Lett. 74, 499
(1995).

V.F. Bratsev, G.B. Deyneka, I.I. Tupitsyn, Bull. Acad. Sci.
USSR Phys. Ser. 41, 173 (1977).

L. Batist et al., Experimental Proposal, GSI (2011).



