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An excited metastable nuclear state of 192Os in a hydrogen-like charge state has been studied
for the first time. It was populated in projectile fragmentation of a 197Au beam on a 9Be target
with the UNILAC-SIS accelerators at GSI. Fragmentation products in the region of interest were
passed through the Fragment Separator (FRS) and injected into the Experimental Storage Ring
(ESR). Cooling of the injected beam particles enabled Schottky Mass Spectrometry (SMS) to be
performed. Analysis shows the lifetime of the state to be considerably longer than that of the neutral
ion (τneut = 8.5(14) s); this change is attributed to hindrance of internal conversion in hydrogen-like
192Os. Calculations have been performed to estimate the lifetime, and has been compared with that
measured experimentally. There is good agreement between the expected (τH−like = 13.0(24) s) and
measured lifetimes (τrest = 15.1+1.5

−1.3 s) from the internal decay of 192mOs. This provides a test for the
reliability of the values obtained from internal conversion coefficient calculations in highly-ionised
systems and is the first measurement of its kind to be performed using the ESR setup.

PACS numbers: 21.10.-k, 25.70.Mn, 27.70.+q, 29.20.Dh

Heavy mid-shell nuclei are understood to be favourable
for the existence of high-energy, long-lived isomers arising
from their deformed shape and underlying shell structure
[1–3]. In these cases, highly-excited isomeric states occur
when nucleon pairs are broken and re-coupled, forming
high-spin states known as yrast traps that often decay
via either internal conversion or γ-decay [2]. The under-
lying physics of these processes is well studied in neutral
atoms. However, particularly for internal conversion, the
reliability of calculations to extract internal conversion
coefficients for nuclei in highly-charged ionic states is un-
determined. This is largely due to the difficulty in creat-
ing an excited nuclear state as a highly-charged ion and
storing it for long enough to observe its decay.

Nuclei in the neutron-deficient region are relatively
straightforward to populate using fusion evaporation re-
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actions. However, to produce nuclei beyond the line of
stability on the neutron-rich side, only a few methods
can currently be employed. In this experiment relativis-
tic projectile fragmentation was used to populate 192Os.
Atoms of 197Au were accelerated by the UNILAC and
SIS-18 heavy-ion accelerators to a beam energy of 478-
492 MeV/u (dependent on the required products) and
impinged on a 9Be target. A 221 mg/cm2 thick Nb
foil was placed behind the target to provide additional
stripping of atomic electrons, producing nuclei in exotic
charge states: bare, hydrogen-like, helium-like, lithium-
like, etc.. The resulting reaction products were then sep-
arated by both Z and A using the FRagment Separa-
tor (FRS) [4] and injected into the Experimental Storage
Ring (ESR) [5] for prolonged observation and measure-
ment. Other results of the present work have been pub-
lished in [6, 7].

Measurements of stored ions were performed as they
pass through two electrostatic plates known as ’Schottky
pick-ups’; details of these can be found in refs [8, 9]. Both
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electron [10, 11] and stochastic [12] cooling are operated
to reduce the velocity spread of the injected ion beam
to a sufficient level that peaks in Schottky spectra can
be resolved. In the ESR, stochastic cooling uses a fixed
ion energy of 400 A·MeV, and the revolution frequency
of the ions at this energy is ∼ 2 MHz. By performing
a Fast Fourier Transform (FFT) on the measured data,
a frequency spectrum for an orbiting ion can be recov-
ered; this is known as a ‘Schottky frequency spectrum’.
The intensity of the peaks in the Schottky spectrum re-
flects directly the number of stored ions at that frequency
[13]. In this experiment the 30th harmonic revolution fre-
quency was analysed [14, 15], and hence all figures show-
ing a Schottky frequency spectrum are relative to that
harmonic (∼ 60 MHz).

FIG. 1: Partial decay scheme of 192Os, including the 8.5 s
isomer, figure adapted from Ref. [19]. The square brackets
denote implied transitions, and for clarity some γ-ray energies
have been omitted.

An 8.5 s, 10− isomer with an excitation energy of
2015 keV has previously been identified in 192Os [16, 17]
(Figure 1). Our new measurement probes the decay of
this isomer when in a hydrogen-like charge state. This
was performed by examining over 400 injections where a
hydrogen-like isomer was observed, and these data were
then sorted into 3.5 s time slices ready for analysis. For
clarity, only when a single ion was observed after an arbi-
trary cooling time were the data accepted and analysed.
The in-ring lifetime for each single ion was measured from
T0 = 31.5 s after the injection (Figure 2), the point at
which cooling of the ion beam had clearly finished. Al-
though generally there are lower statistics, performing a
measurement in this way can greatly improve the preci-
sion of the experiment (discussed below) and in Ref. [18],
and in this regard it is actually preferential to have a low
production and injection probability. With this method
it is possible to deduce the survival of ions observed in
each time slice over the course of the entire experiment,
and, additionally when each ion decayed. This is dif-
ferent from the usual decay curves produced by γ-ray
spectroscopy, where the number of decays observed are
plotted versus time. Instead in this case, the number of
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FIG. 2: Colour online - A typical example of a Schottky fre-
quency spectrum with 3.5 s time slices. Large amounts of
background noise are observed before adequate time is al-
lowed for cooling. The isomer 192mOs is resolved from the
192gOs state. The sudden absence of the previously observed
isomer corresponds to the nuclear decay of the excited state.
At 31.5 s after injection, in all analysed injections the back-
ground noise was sufficiently low to use this as a start time
for lifetime measurements.

observed ions in each time slice can be plotted directly.

The data have been analysed with the following obser-
vations: Each individual injection is statistically indepen-
dent from the previous and subsequent spills. Therefore,
each injection can be classed as a separate experiment.
Taken across the whole ensemble of nuclei that are anal-
ysed, it is possible to know exactly how many of these
ions are observed at a specific time by tracking each indi-
vidually across all time bins. This is an absolute number,
with no statistical uncertainty.

Some possible systematic uncertainties have been iden-
tified. The decision to select only a set of injections that
appear to show a single ion could potentially introduce
some selection bias, in that it is possible to miss some
valid ions. However, it does not seem likely that we
could preferentially miss an ion in such a way that it
would bias the subsequent lifetime measurement. In ad-
dition, we have assumed that the ion disappearing is due
to the isomer decay, however, there are other potential
processes that could change the orbital frequency of the
ion. The atomic survival time of an ion in the ring has
been measured [7], and is large (∼ 45 mins) compared to
the known isomer lifetime, therefore this is a negligible
effect over the measured time period. Thus, it is possible
to assume that the number of ions observed in each time
bin has no or at least small uncertainty associated with
it.

The data have been fitted using a χ2 fitting procedure
that contains no experimental uncertainties. This is used
to derive the lifetime and the number of ions originally
measured (N0) together with their uncertainties. Best fit
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values for each data point and the associated propagated
uncertainties are presented in Fig. 3 compared to the
histogram of number of ions observed in each time bin.
The extracted in-ring lifetime of 21.6+2.2

−1.8 s is then Lorentz
corrected using γ ≈ 1.43 to give an at-rest lifetime of
15.1+1.5

−1.3 s.
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FIG. 3: Colour online - Top: The histogram shows the ex-
perimentally measured number of ions observed in each time
bin. The points are the number of ions expected within each
bin derived from a χ2 fit to the data, with an uncertainty
evaluated from the error in the fit.

The lifetime of the highly-ionised 192mOs is longer than
that of the neutral charge state, as the hydrogen-like
charge-state hinders the decay due to internal conver-
sion. Examining the known decay transitions from the
isomer (see Fig. 1 and Table I), the 47-keV E3 transition
is forbidden as the transition energy is below that of the
K-shell electron binding energy. More detailed calcula-
tions for the internal conversion coefficients for the known
transitions in the neutral and hydrogen-like atoms have
been performed and are presented in Tab. I. The inter-
nal conversion coefficients for neutral atoms were evalu-
ated using the BrICC software [20]. The BrICC software
does not allow for evaluations of internal conversion co-
efficients for ionised atoms, so we have performed direct
calculations of conversion coefficients for hydrogen-like
ions using the relativistic Dirac-Fock code, RAINE [21].
The high degree of ionisation, with only one electron in
the K-shell, when compared to 76 electrons occupying the
K to P1 shells, will affect electron wave functions signifi-
cantly. Perhaps the most extreme example is the K-shell
binding energy; in the neutral atom this is 73.87 keV,
whereas for a hydrogen-like ion it is 85.7 keV. This change
in binding energy has a significant effect on the K-shell
conversion when comparing the neutral to hydrogen-like
atom.

Experimentally, the neutral isomer decays with a life-
time of 8.5(14) s [16] with three decay paths as shown in
Fig. 1. The measured γ-ray intensities [19] of these tran-
sitions were used in-conjunction with the neutral lifetime

and conversion coefficients to gauge the hindrance due to

TABLE I: Known transitions of 192mOs [19] with internal con-
version coefficients for the neutral and hydrogen-like isotopes
calculated using BrICC [20] and RAINE [21].

Energy Iγ σλ αneutT αH−Like
T

(kev)

47.4 0.0031(6) E3 7760 0

302.6 100(6) E3 0.433 0.084

307.0 13.3(3) M2 0.975 0.374

the hydrogen-like charge state. The evaluated hydrogen-
like lifetime is τH−like = 13.0(24) s, in good agreement
with our measured value of τrest = 15.1+1.5

−1.3 s.

With this technique it is possible to observe a single
charged ion undergoing nuclear decay. The storage ring
enables observations of highly-ionised, long-lived isomeric
states and the identification of their decay paths, from
which it is possible to measure the effect of atomic struc-
ture on the decay of the nucleus. We have presented the
case of hydrogen-like 192Os and the decay of a 2015 keV,
10− state. With the exceptions of measurements of con-
version in highly charged Fe and Te, where, bound inter-
nal conversion was observed [22–24], this present mea-
surements is the first storage-ring measurement of the
decay of an hydrogen-like isomer. Previously, there have
been only measurements of isomers in fully ionised states
[25, 26]. In the present case of 192Os, the neutral life-
time measurement has been observed to be 8.5(14) s [16],
whereas, our measurement of 15.1+1.5

−1.3 s for hydrogen-
like ions is in stark contrast. The difference is explained
due to hindering of internal conversion. We have evalu-
ated both neutral and ionised conversion coefficients and
hence calculated the theoretical lifetime of a hydrogen-
like ion. Our experimental measurement is in agreement
with that predicted from the evaluation of conversion co-
efficients.
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