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Abstract Heavy-ion storage rings allow for storing secondary ion beams for extended periods of time.
Sophisticated beam manipulation techniques, detection capabilities and thin targets provide unique condi-
tions for a broad range of physics experiments. In this work, the investigations related to nuclear isomeric
states are reviewed.

1 Introduction

The nuclear force acting between nucleons composing atomic nuclei is highly complicated and is far from being
understood. This force, which results from an interplay of strong, weak, and electromagnetic interactions, is
responsible for nuclear properties like deformation, shell structure, nucleon—nucleon correlations, decay properties
as well as for the rich spectra of excited states [1]. Among the latter, isomers are long-lived states, decay of which
is for various reasons hindered [2, 3]. Comprehending the reasons behind such hindrances can act as a sensitive
probe to constrain nuclear theory and, hence, progress toward understanding the underlying nuclear force.

The plot of all observed nuclei as a function of their proton (Z) and neutron (N) numbers is commonly called the
nuclear chart. There are numerous isomeric states known on this chart spanning a large range of excitation energies,
half-lives, shapes, and other quantum numbers [4]. Measurements of the properties of nuclear isomers are pursued
at basically all radioactive-ion beam facilities by employing many different approaches. In this contribution, we
discuss multifaceted studies of isomers conducted at heavy-ion storage rings [5].

High mass resolving power attainable in storage rings, combined with the sensitivity to detecting single particles,
is the base for investigations of rarely produced isomers. By selecting the beam energy, isomers in a specific atomic
charge state can be produced. Thanks to the ultra-high-vacuum (UHV) environment, the rings offer the capability
of preserving this charge state for extended periods of time. This enables the possibility to study the influence
of the electron configuration on the isomeric decay properties. Indeed, it is possible that the dominant decay
branches in neutral atoms are completely disabled in highly charged ions or that new decay channels open up.
Several investigations of the properties of the nuclear isomeric states have been conducted in storage rings, which
will be reviewed in this work. Furthermore, storage rings allow for colliding stored beams with atoms, electrons or
photons which will be explored in the near future also in the context of stored isomeric beams.
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2 Heavy-ion storage ring facilities

In the focus of this work are heavy-ion storage rings which can be employed for studies of or with nuclear isomers.
The latter have to be produced elsewhere as a secondary beam with suitable parameters prior to their injection
and storage in the ring [6]. Therefore, the storage rings have to be coupled to radioactive-ion beam facilities.
There are presently three such combinations in the world [7], namely the FRagment Separator (FRS) [8] and the
Experimental Storage Ring (ESR) [9] at GSI Helmholtz Center for Heavy Ion Research (GSI) in Germany, the
Radioactive Ion Beam Line in Lanzhou 2 (RIBLL2) and the Experimental Cooler-Storage Ring (CSRe) [10] at
the Institute of Modern Physics (IMP) in China, and the Superconducting Radioactive Isotope Beam Separator
(BigRIPS) [11] and the Ring for Rare Radioactive Isotopes (R3) [12] at RIKEN Nishina Center for Accelerator-
Based Science (RIKEN) in Japan. Whereas the GSI and IMP complexes are based on heavy-ion synchrotrons,
SIS-18 and CSRm, respectively, as driver accelerators, the one at RIKEN is built upon a chain of cyclotrons. In
the former case, the synchrotrons deliver primary beams as short bunches which match the injection timing of the
accepting storage ring. In the case of a cyclotron, the primary beam is (quasi)continuous. The ions of interest are
produced at random times which leads to the injection and storage of individual pre-identified particles [13, 14].

The isomeric states of interest are created in a violent nuclear reaction together with a swarm of other reac-
tion products [15]. Projectile fragmentation or, in the case of uranium beam, also projectile fission reactions are
employed routinely. Although these reactions are kinematically very different [16], in the present context, it is
essential that the resulting momentum spread of the produced fragments is typically larger than the injection
acceptance of a storage ring of about 1%. All three facilities operate at relativistic energies which facilitates strip-
ping of bound electrons off the fragments directly in the production target [17]. By selecting dedicated stripper
foils at different focal planes of a fragment separator, the charge state distributions can be further tuned [18]. The
heavy-ion storage rings discussed here are high-energy machines designed to accept secondary beams with energies
from a few 10 to several 100 MeV /u.

All particles within the magnetic rigidity, Bp, acceptance of the fragment separator and the ring are transmitted
and injected together with the isomers of interest. The magnetic rigidity is defined as Bp = p/q, with the ion
momentum p = muv-y, charge state ¢, mass m, velocity v, and the relativistic Lorentz factor «. Employing energy
degraders in a fragment separator introduces Z-dependent energy losses, AE o Z2 [8]. Although this additional
separation criterion can be used to prepare pure mono-isotopic beams, mono-isomeric beams cannot be separated
in flight [19].

The majority of the discussed here experiments have been conducted at the ESR and very first results were
obtained at the CSRe. Dedicated studies involving nuclear isomers yet to be accomplished at the R3. If not stated
differently, the assumed machine in the following discussion will be the ESR.

A storage ring is an accelerator structure composed of drift sections and dipole, quadrupole, and sextupole
magnets, as well as higher-order correction elements. A scheme of the 108 m long ESR is shown in Fig. 1, where
various, though far from all, components are indicated. These components will be discussed in the following sections.
As can be seen in the figure, the drift sections are densely packed with various accelerator and experimental
equipment.

The ESR is a versatile machine with a rich inventory of beam manipulations. Important to mention for the out-
look section is that the ESR is capable to decelerate secondary beams and extract them either toward HITRAP [21]
or to a dedicated low-energy storage ring CRYRING [20].

3 Storage ring mass spectrometry and its limitations

The orbit length, C, of a particle in a storage ring depends only on its magnetic rigidity. It is, therefore, straight-
forward that, since all different nuclear species injected and stored simultaneously in the ring have the same Bp,
they will be indistinguishable neither by their revolution frequencies nor by their orbits.

The key for studies of isomeric states is the ability to separate them from the inevitable contaminants and
especially from the corresponding ground states and to identify them unambiguously. It can be shown [32] that
the relative difference of revolution frequencies, Af/f, or the revolution times, AT/T, of stored particles with the
relative difference of mass-to-charge ratios, A(m/q)/(m/q), is given by the relation:

(1)

Af AT 1 AMmfg) Avf
f T i m/q v ¢ )

where ~;, dubbed transition energy, is a parameter defined by the ion optics of the ring. It is directly connected
to the momentum compaction factor oy, = 1/97, which quantifies the relative change of the orbit length AC/C
induced by a relative change of magnetic rigidity ABp/Bp. This is the basic equation of the storage ring mass
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Fig. 1 Schematic illustration of the experimental storage ring ESR at GSI [9]. The ESR has a circumference of 108 m.
The dipole, quadrupole and sextupole as well as kicker and steerer magnets are shown. Furthermore, correction coils are
integrated into the dipoles. The ions can be injected from the fragment separator FRS or directly from the synchrotron
SIS-18. The maximum magnetic rigidity of the ESR is 10 Tm. The heart of the ESR is the electron cooler. The interaction
length of the electron and ion beams is 2.5 m. The diameter of the electron beam is ~ 5 cm. The cooler is routinely
operated up to ion energies of 420 MeV/u. The stochastic cooling (not shown) operates at a fixed velocity of the ions
corresponding to 400 MeV /u. The revolution frequency of an ion beam at 400 MeV /u is about 2 MHz. The acceleration
cavity is employed to alter the energy of the stored beams. In the last years it is mostly used to decelerate the beams
for either experiments directly in the ESR or for their extraction toward low-energy machines CRYRINGQESR [20] or
HITRAP [21]. The lowermost energy achieved in the ESR for experiments with cooled beams is about 5 MeV/u [22, 23].
A stored beam can be brought into collisions with gas atoms/molecules from the dedicated ultra-thin, windowless gas
target [24, 25]. Co- and/or counter-propagating laser beams can be coupled to the ring, which is equipped with a dedicated
optical detection unit [26, 27]. The velocity of electrons in the electron cooler can be quickly modified by an integrated drift
tube setup, thus introducing a co-propagating electron target with a well-defined energy difference to the ion beam [28].
The time-of-flight detector [29] is composed of a foil (light blue) and a set of micro-channel plates (yellow). The guiding of
secondary electrons, released from the foil due to crossing it ions, is done by perpendicularly arranged electrostatic field,
created by the shown electrodes, and a weak magnetic field, created by Helmhotz coils placed outside of vacuum pipe.
The locations of the three employed non-destructive Schottky detectors (capacitive, 245 MHz [30] and 410 MHz [31]) are
indicated. Since the principles of the 245 and 410 MHz detectors are very similar, a photograph and a scheme are depicted.
More details can be found in Ref. [5]. Photographs: S. Sanjari and R. Sanchez, GSI, Darmstadt

spectrometry (SRMS). The principles of the SRMS and results are exhaustively reviewed in the literature [33-37]
and especially its use to study radioactive decays of highly charged ions [38-41]. Here, we briefly discuss its
application to experiments related to nuclear isomers.

The term containing the velocity spread, Av/v, on the right-hand side of Eq. (1) determines the mass resolving
power and, thus, needs to be reduced as much as possible. There are two approaches to minimize it.

The first one is to decrease the large velocity spread of the injected secondary beams by beam cooling [42, 43].
In the electron cooler device, see Fig. 1, the circulating beam is merged over a length of a few meters with a
continuous beam of electrons. For our applications, the latter can be considered as mono-energetic. The electrons
are accelerated to the desired velocity prior to merging them with the ion beam. The ions circulate in the ring with
revolution frequencies of a few hundred kHz to a few MHz. At every turn, they interact with fresh electrons. After
multiple passages through the cooler, they are finally forced to the same velocity as the electrons. The transverse
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Fig. 2 Tsomeric states of fully ionized 2°2"Pb%** (Left) and ' Te? (Right) well resolved from the corresponding ground
states. The isomers were produced through fragmentation of 2°°Bi projectiles. Both spectra were taken in the ESR with the
capacitive Schottky detector and averaged for 30 s. The intensity of the peaks is proportional to the number of composing
them ions. The ground and isomeric states of *'7Te%2* are represented by a single ion each. The isomer excitation energies
(E™) are taken from Ref. [56]. The figures are modified from Ref. [55]

size of the electron beam is a few cm which allows the cooling of all ion species stored in the ring independent of
their m/q values. The efficiency of the electron cooling critically depends on the velocity difference between the
ions and the electrons [44]. Note that to have the same Bp = muwv~y/q, nuclear species with different m/q must
have the corresponding different v. For hot beams, the cooling process can take from a few seconds up to several
minutes. Therefore, only relatively long-lived isomeric states can be studied by applying the electron cooling alone.

By utilizing the stochastic pre-cooling [45], it is feasible to quickly reduce the initial velocity spread to about
10~% [46]. In such case the subsequent electron cooling efficiently cools the beam within about a second. The overall
stochastic and electron cooling process can be optimized to last only a few seconds [47-49]. The stochastic cooling
cools ions only in a limited range of m/q values and effectively heats the species with m/q values other than in
this range. This combined cooling has been implemented to the measurement of the bound-state beta decay of
207T181F jons [50], see Sect. 4.

In the context of the application of the electron cooling to studies of isomeric states, two important issues need
to be emphasized. The highly charged ions are in an equilibrium between the focusing electron cooling force and
de-focusing interactions of the beam ions among themselves. Therefore, the final velocity spread depends on the
number of ions of a particular ion species, though not on the total number of the stored ions. For low intensities of
below ~ 10? ions, the mean longitudinal spacing between the ions increases to a couple of cm and the intra-beam
interactions are disabled [51]. One speaks of building a crystalline beam [52-54], where the ions are traveling one
behind the other on the same mean orbit. The velocity spread of such a crystalline beam is as small as Av/v ~ 10~7
leading to the mass resolving power approaching m/Am = 10°. Examples of well-resolved ground and isomeric
states of fully ionized 202Pb82+ and 117Te52+ [55] ions coasting in the ring are shown in Fig. 2.

This m/Am could just be sufficient to resolve an isomeric state with an excitation energy of E* = Am =
100 keV from a ground state of a nucleus with mass m ~ 100 GeV. However, the highly charged ions in the
ground and isomeric state are coasting with the same velocities on orbits which are a few pm apart. Therefore, the
ion on a shorter orbit has—at some point—to overtake the ion on the longer orbit, which, however, cannot happen
since the highly charged ions repel from each other. As a result, the ion on a shorter orbit will effectively be slowed
down and the one on the longer orbit will be accelerated, such that two ions revolve as a cluster with the same
frequency. Taken the high revolution frequencies in the ring, such blocking cannot be avoided. The illustration of
the blocking effect is shown in Fig. 3 [55].

Hence, independent of the high mass resolving power, there is a limit on the lowest isomer excitation energy
which can directly be resolved from the corresponding ground state. This limit is not present when only one
particle is stored, which has to belong either to the ground or to the isomeric state [57]. After many injections into
the ring, sometimes it is feasible to obtain spectra of single particles representing both states. One such example
is shown in Fig. 4.

The second approach to minimize the term containing the velocity spread in Eq. (1) is to employ the isochronous
ion-optical setting of the storage ring. In this mode, a faster and a slower particles of the same ion species move
on the respectively longer and shorter orbits such that their revolution frequencies are (in the first order) the
same. This operation mode is very similar to the recently developed multi-reflection time-of-flight spectrometers
(MR-TOF) [58, 59], if one imagines the arcs of the ring acting as magnetic mirrors instead of the electrostatic ones
in the MR-TOFs. The isochronous condition requires that v = ;. This type of SRMS is called Isochronous Mass
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Fig. 3 Schottky frequency spectra versus time after injection into the ESR. Data were acquired with the capacitive Schottky
detector. Each spectrum was averaged for 30 s. Traces of the hydrogen-like '*®*Hf"** and fully ionized '*®*Lu"'* ions are
represented by a single particle each. The m/q difference between these isobars is A(m/q) ~ 2.6 - 107°. The Schottky noise
power is proportional to ¢. The region indicated as “mixture” is about a factor of 4 more intense than the mean intensity
of individual single ions with ¢ = 71+. This indicates that for about 90 s the Schottky detector observed a cluster of 2
particles with a total charge 2-714. This observation is interpreted as a Coulomb blocking between these ions, see text. This
is an example with an untypically large A(m/q). In the case of unperturbed peaks of single ions "™ Te??T and ''79Te5?t,
shown in Fig. 2, the corresponding A(m/q) = 6.5 - 107°, that is 2 times smaller. The figure is modified from Ref. [55]
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Spectrometry (IMS) [60-65]. Since the Bp injection acceptance is small, nuclides in a limited range of m/q values
will be isochronous. This range is commonly called isochronous window, in which the mass resolving power can
approach m/Am = 2-10° [66-68]. Outside of this window 7 # 7; and m/Am deteriorates rapidly. This is depicted
for non-isochronous 24 Al ions in the left panel of Fig. 5, where the projection shows the corresponding revolution
time spectrum. Although the attainable mass resolving power is somewhat smaller than for the electron-cooled
beams, the main advantage of this approach is that no cooling at all is needed, thus providing access to the much
shorter-lived nuclear species. Furthermore, the mass resolving power can be increased as well as the deterioration
can be avoided if the momentum spread of the ions is reduced either directly in the ring or in the fragment
separator [69], though this is achieved at the cost of the reduced transmission efficiency. Another advantage of
IMS is that stored particles are moving on distinct orbits and no Coulomb blocking is possible.
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Fig. 5 Revolution times (T) as a function of orbit length (C') measured for fully ionized **A1'3* ions at the CSRe. If a
single time-of-flight (ToF) detector is used, only the revolution times can be measured yielding the projected spectrum in
the left panel. Installing a second ToF detector adds in-ring velocity, v, measurement of every ion and, hence, its orbit
length via C' =T - v. The combined information on 7 and v allows for correction of the non-isochronicity as shown in the
right panel, where the ground and isomeric states of 2*A1'3* are clearly resolved. The employed correction is the basis of
the Bp-IMS technique [70, 71]. The figures are modified from Ref. [71]

The resolving power of IMS can be boosted dramatically if the velocity of every stored ion is measured in
addition to its revolution frequency (time) [72]. This has been realized in the CSRe, which enabled one to correct
for the non-isochronicity effects, see the right panel in Fig. 5 [70, 71, 73].

4 Time-resolved revolution frequency measurement

According to Eq. (1), to deduce the m/q values of the stored ions, which is in first place needed for particle
identification, their revolution frequencies need to be measured. Several nuclear species with known masses are
required to calibrate the acquired frequency spectrum according to Eq. (1). In the context of the isomeric states, the
measured frequency allows a direct determination of the corresponding excitation energies, E*. Another important
quantity is the lifetime of the isomeric state, which can be addressed by monitoring the intensity changes of the
corresponding frequency peaks. Due to the change of the mass in the decay, the latter is manifested by a sudden
change of the revolution frequency of the decayed ion.

The ultimate goal is to measure the frequency of every single stored ion. A straightforward way to achieve
this is to use (semi)destructive detectors. Dedicated ultra-thin foil-based detectors have been developed [29, 74],
where the one used in the ESR is indicated in Fig. 1 as time-of-flight (ToF) detector. A self-supporting, a few
pg/cm? thick carbon foil is installed directly into the UHV of the ring. The circulating ions punch through it at
every revolution causing the release of secondary electrons from its surface. These electrons are guided to a set
of micro-channel plate detectors which give precise timing stamps. After assigning the corresponding time stamps
to each individual particle, the determination of the revolution frequency is relatively straightforward [75-77].
All particles are detected and, since the ion-optical transmissions for the ground and isomeric states of the same
nuclear species is the same, by counting the number of the observed particles in both states, the isomeric ratios
can be determined. The interactions of the ions with the foil lead to their inevitable losses from the ring after
at maximum a few hundred revolutions. Therefore, the application of such detectors for lifetime determination is
limited to the us range. Two examples of half-life measurements are shown in Fig. 6.

Ideally, the measurement of the revolution frequencies should be non-destructive, which is achieved with Schottky
noise spectroscopy [81]. The first generation of the Schottky detector employed in the ESR has a pair of copper
electrodes placed inside the ring aperture parallel to each other above and below the beam [82]. Another pair of
electrodes arranged on the sides of the beam is not relevant in the present discussion. This device is indicated as
the capacitive Schottky detector in Fig. 1. At a typical energy of about 400 MeV /u, the revolution frequencies
in the ESR are about 2 MHz. The circulating highly charged ions induce an electric current on the surface of
the conducting vacuum pipe as well as on the Schottky detector electrodes. The noise from the electrodes is
electronically processed and then Fourier transformed. The frequencies around 30" harmonic of the revolution
frequency, that is around 60 MHz, are analyzed. The disadvantage of this Schottky detector is its relatively low
signal-to-noise characteristics: To measure the frequency of a single ion with charge ¢ ~ 60, averaging of Fourier
transformed spectra for several ten seconds is required. The examples of individual Schottky frequency spectra
are shown, e.g., in Figs. 2, 3, and 4, where the offset frequency of about 60 MHz is subtracted. The noise power
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Fig. 6 (Left) Estimation of an upper limit of the half-life of the fully ionized **™Sh>'* isomer [78]. Measurements were
done with the (semi)destructive time-of-flight (ToF) detector in the ESR. This J*™ = (21/2") isomer has a half-life of
T2 = 16.54(19) s in the neutral atom [79]. Tons surviving for more than 200 us can be seen. The surviving probability
of the isomer turned out to be compatible with the one obtained for the ions in the ground state. The figure is taken from
Ref. [78]. (Right) Decay of single fully ionized **™Ru*** isomers in the CSRe [80]. Precise timing signals were acquired with
the ToF detector and were fitted as a function of the revolution number. Two panels depict residuals of the data points
from the fit function, which show dramatically different patterns. In the second one, at about 150th revolution a sudden
change in the ion mass is observed, whereas no such features are seen in the first panel. From 49 measured decay events, a
half-life T} /o = 102(17) ps was determined for the 8" isomeric state in **Ru***. The figures are taken from Ref. [80]

of a peak in the spectrum is directly proportional to the number of composing this peak ions and to their charge
squared. By creating consecutive in time Schottky spectra, the simultaneous monitoring of the development of
particle intensities for various nuclear species can be done, which is the basis for half-life as well as branching
ratio measurements. If the daughter particle remains in the storage ring acceptance, a correlation in time of
the reduction/increase of the intensity of the peak of the parent/daughter ions can be observed. The described
technique is called time-resolved Schottky Mass Spectrometry (SMS) [83]. All SMS measurements reported here
were conducted in the ESR. Conventionally, SMS is applied on the cooled ion beams.

To boost the signal-to-noise characteristics of the Schottky detectors, instead of capacitive arrangement of the
electrodes, a pill-box cavity has been employed. The passing by ions lose tiny amounts of energy which is sensed
through a loop coupler. The cavity has its fundamental resonant frequency which defines the harmonic of the ion’s
revolution frequency to be studied. Two generations of such detectors have been developed which are resonant at
245 MHz [30] and 410 MHz [31], respectively. Both detectors enable frequency determination of a single particle
with charge ¢ ~ 30 within about 10 ms. In all SMS measurements discussed here, except for the most recent
investigations of "2Ge and 2°°TI, the capacitive Schottky detector has been used.

5 Experimental results

5.1 Basic properties of nuclear isomers

SRMS is routinely employed to measure unknown masses of exotic nuclei far from stability [36, 37]. One of the
primary aims in such measurements is to cover a large region of the nuclear chart in the same experiment. In
this way, the masses are determined with the same method and thus with same systematic errors. Furthermore,
a large number of references masses, which are used for a robust calibration in Eq. 1, are included. Generally,
it is expected that all isomeric states which can be produced in the chosen nuclear reaction should be present
in the measured revolution frequency spectra. Here, one has to consider the shortest lifetimes and minimal mass
resolving power that are required for different detection approaches as discussed above. Indeed, numerous known
nuclear isomers have been observed in several mass measurement campaigns at GSI and IMP.

Often, the exact excitation energy of the isomer is not known and is then determined through direct mass
measurements. One such example is 52Co, for which the masses of both, the isomeric and ground, states have
been measured with IMS at IMP [65]. The J™ = 2%, Ty, = 104(11) ms isomeric state at E* = 387(13) keV
was previously observed in 3-decay of 52Ni but its position relative to the ground state was unknown. In another
example, the excitation energy E* = 4560(100) keV was measured with IMS in the ESR for the J™ = (21/21)
isomer in 133Sb, see Fig. 6 (Left), contributing an important ingredient to construct the level scheme in this
nucleus [78], which is just one proton away from the doubly magic 132Sn.

By combining the data from different SMS and IMS experiments conducted at GSI and IMP on the production
of high-spin (J™ = 19/27) isomers in the mirror nuclei >*Fe and *3*Co, the dependence of the isomeric ratios on the
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Fig. 7 (Left) Revolution time spectra of the ground and isomeric states of fully ionized 53Co®"t and ®*Fe?*" ions. The
spectra were acquired with IMS at IMP. (Right) Isomeric ratio for the production of J* = 19/27 isomers as a function of
the mass loss, which is the measure of the number of nucleons removed from the projectile. The theoretical calculations
were done with the ABRABLA parametrization [85]. The figures are taken from Ref. [84]

projectile mass could be investigated [84]. Figure 7 illustrates the measured spectra of the well-resolved 53™Fe and
53m (o isomers as well as the deduced isomeric ratios as a function of the mass loss, which quantifies the number
of nucleons that are removed from the projectile to produce the isomer. The obtained isomeric ratios grow rapidly
with increasing mass loss and then remain about constant. The data are compared to the calculations performed
with the ABRABLA parametrization [85].

Apart from the known isomeric states, observations of new isomers cannot be excluded. In the ESR experiment
studying 1°2Sm projectile fragments with SMS, a new isomeric state in 2°Ce [57] was seen, which is shown in
Fig. 4. The excitation energy of E* = 103(12) keV has been determined from a single fully ionized ion, which
was stored in the ESR for ¢t = 193(1) s. Several new isotopes [86] and isomers [87] have been observed in SMS
measurements of neutron-rich heavy ?**U projectile fragments in the ESR. Among the new isomers were 234" Ac,
2An N 228m A 228mpy 2M4mB - and 213mBi [87]. The second isomer 212"Bi was observed in the same experiment
and later was investigated in more detail [88]. The obtained excitation energy of E* = 1478(30) keV agrees well
with the theoretical calculations but is significantly lower than the previously accepted value of E* > 1910 keV.
By applying the IMS technique at IMP, a new isomeric state in neutron-deficient 1°*In was discovered at an
excitation energy of E* = 659(50) keV [89, 132]. A subsequent complementary measurement with Penning-trap
mass spectrometry [90], confirmed the IMP result and extended the data on In isomers further up to %In [91],
which could be used to test ab initio calculations in this region as well as to constrain the mass of doubly magic
1008n derived from S-decay spectroscopy [92, 93].

In addition to serendipitous discoveries of new isomeric states described above, of special importance are dedi-
cated searches of specific isomers. SRMS with its sensitivity to detection of individual stored ions turned out to be a
powerful tool to look for extremely rarely produced long-lived isomers. Projectile fragmentation of 7 Au has been
employed to search for isomers in the neutron-rich Hf-Os region. By utilizing SMS in the ESR, isomeric states in
183,184, 186 yf 186, 18Ty 186yy 190,192, 194R6 and 19°0s have been observed [94-96]. These investigations have facil-
itated the design of dedicated spectroscopic studies of some of the isomers at the KISS facility in RIKEN [97-99].

5.2 Decays of isomers in highly charged ions

The observation of new isomers and the measurement of their excitation energies can in principle be accomplished
with other experimental methods. Storage rings are important machines to address the decay properties of the
isomers in high atomic charge states. The decay probabilities and channels known in neutron atoms can be altered
significantly once all or most of the bound electrons are removed.

A straightforward example is internal conversion (IC) which is simply disabled in the absence of bound electrons.
Hence, the half-life of the isomers will be significantly increased. Studies of the decay of fully ionized isomers were
among the first experiments in the ESR [100]. Figure 8 illustrates the Schottky spectra of ground and isomeric
states of fully ionized *?Dy%" ions measured later in the ESR [101], which was addressed together with the
isomers in '"'Er and '#4Tb. In the neutral atom, the ™Dy isomeric state decays to 99.3% via IC giving a half-
life Tff;“al = 0.49(2) s [79]. This half-life is too short for the electron cooling and the isomer would not be seen

in the ESR by applying the conventional SMS. However, the disabled IC branch increases the half-life by a factor
of 22(2) to T}/ = 11(1) s. This measurement can in turn be used to determine the conversion coefficient which
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Fig. 8 (Left) Decay curves of fully ionized "Dy ions in the ground and isomeric states measured with SMS in the

ESR [101]. The half-life values are given in the laboratory frame and have to be corrected by the Lorentz factor of the
relativistic ions. (Right) The noise power density spectra of one injection into the ESR illustrating the decay of these states.
It shall be noted that the decay of the isomer populates the ground state and that ions in both states experience losses due
to recombination in the electron cooler and collisions with rest gas atoms. The isomer excitation energy (E*) is taken from
Ref. [56]. The figures are modified from Ref. [101]

amounts to auer = 27.3. Another similar example is illustrated in Fig. 2, where the atomic half-life of ''"™Te is
Tln/e;“'al = 103(3) ms [79].

Figure 9 presents the half-life measurement of the J™ = 11/27 isomeric state in fully ionized neutron-rich
207T181+, This is the example where the combined stochastic pre-cooling and electron cooling have been uti-
lized [102], see Sect. 3. The obtained half-life T} , = 1.49(11) s agrees well with the expected prolongation due to
disabling the internal conversion channel. Such half-life extensions due the disabled IC channel have been measured
for many fully ionized isomeric states with both IMS and SMS. In addition to the excitation energies also the
corresponding lifetimes have been measured for the majority of the isomers mentioned in Sect. 5.1. A summary of
the measured half-lives of highly charged ions, including isomeric states can be found in a recent Ref. [41].

A special case of a half-life measurement of fully ionized isomers is the J™ = 07 — J™ = 0% transition. If
the 01 state is the first excited state and if its excitation energy is below the electron—positron pair-creation
threshold E* < 1022 keV, then, due to angular momentum conservation, it can only decay by a two-photon
emission or by a particle emission. Although such measurements at the ESR have been discussed since several
decades, the expected half-lives are in the ms range, which could not be approached with conventional SRMS
methods. By utilizing the recently developed resonant Schottky cavities, the de-excitation of the first 0% state
(E* = 691 keV) in fully ionized “2Ge®?* ions has been successfully studied [103]. Especially the highest signal-
to-noise characteristics of the 410 MHz detector turned out to be decisive. To avoid the lengthy cooling, the ring
was tuned into the isochronous mode. Herewith, a novel method of Schottky + Isochronous Mass Spectrometry
(S+IMS) has been implemented. It is noted that S+IMS technique was previously shown to work on long-lived
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Fig. 9 (Left) Schottky frequency spectra of A = 207, ¢ = 81+ isobars measured in the ESR. Combined stochastic and
electron cooling methods accelerate the overall cooling process to below 5 s [46]. (Right) The decay curve of the fully ionized
20718+ jsomers. The inserts show the noise power density at the beginning and at the end of the measurement. The figure
is modified from Ref. [50]
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Fig. 10 Schottky frequency spectra of the fully ionized ?Ge®?T ions stored in the ESR [103]. The ESR is tuned into the
isochronous ion-optical mode. Data were taken with the Schottky detector resonant at 410 MHz [31]. Employing Schottky
noise spectroscopy in this mode enabled the combined Schottky + Isochronous Mass Spectrometry (S+IMS). Shown is a
sum of 102 individual injections into the ESR. The decay of the "?™Ge32* is clearly observed. This trace corresponds to
the first excited 0% state in “?Ge. Consequently, the main decay channel to the J™ = 0 ground state is 2v emission. The
figure is taken from [103]

species at the ESR [104] and the CSRe [105]. To enhance the mass resolving power, the momentum spread of the
stored ions has been significantly reduced by in-ring mechanical scrapers. A sum of 102 individual injections into
the ESR is shown in Fig. 10. The measured probability of 2y decay in "2Ge??t is about a factor of 10 larger than
expected, which remains to be explained theoretically [103].

The only half-life prolongation in hydrogen-like ion is published for 92mQs7* [106]. The measured lifetime
7 = 15177} s is in agreement with the expected 7 = 13.0(24) s calculated from the known lifetime of neutral
atoms and IC branching ratio.

In addition to electromagnetic decays described above, important results have been obtained for weak transitions.
The first excited state (J™ = 1/27, E* = 2.329(7) keV) in 25Pb atoms [79] decays within a few ten us to the
ground state. Due to the such short half-life, it is practically impossible to directly measure the weak decay of
this state. However, the decay to the ground state of 20°T1 is important for astrophysical applications as this can
be the main path to deplete 2°°Pb in hot stellar environments [107]. To address the weak matrix element of this
transition, the rate of the bound-state beta decay [108, 109] of fully ionized 2°TI8!* has been measured in the ESR
by applying SMS and the detector resonant at 245 MHz. 29°T18'+ decays predominantly to the excited state of
interest. The obtained transition matrix element will be utilized to infer the weak decay of the short-lived excited
state in 2°°Pb. The corresponding results are yet unpublished. A similar measurement has been conducted with
fully ionized '®"Re™" which decays by bound-state beta decay to the first excited state (J™ = 1/27, Ty/p =

2.38(18) ns, E* = 9.756(19) keV) in '870s [110).

6 Isomeric beams

By employing the Bp — AE — Bp separation method in a fragment separator it is possible to produce a pure
mono-isotopic beam [19]. Although it is presently impossible to prepare in flight mono-isomeric beams, there are
ways to prepare those in a storage ring. A trivial approach can be used, when either the ground or the isomeric
states are much shorter lived than the respective other state. Then, after an appropriate waiting time, one can
achieve a clean beam. In cases where the excitation energy is large enough, a mechanical scraping of one of the
states can be attempted, see Fig. 11. In a test experiment, scraping of one from two electron-cooled ion species
separated by a mass difference of Qrc = 3388 keV was shown [19]. Although no pure isomeric beam has been
prepared in a storage ring so far, this measurement shows the feasibility of such production at least for isomers
with excitation energies exceeding 3.4 MeV.

Figure 12 depicts results of the experiment addressing di-electronic recombination (DR) on lithium-like 23*Pa
ions in the ESR [111]. DR is a resonant process in which the recombination is accompanied by the excitation of
one of the bound electrons without X-ray emission [112]. The energy of the electrons is tuned by ramping the drift
tubes in the electron cooler. The energy can be scanned very accurately to measure the DR resonances. The left
panel of Fig. 12 displays the rate of 234U ions in a particle detector intercepting the inner orbits in the ESR.
Due to a significant difference of the half-lives of the ground and isomeric states of 23*Pa, see the insert in the
left panel, these ions are mainly attributed to the 3~ decay of the isomeric state 234mPa®+. The DR resonances
were measured shortly after the injection of the beam, when both states of 234Pa were present, and then 5 min

88+
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Fig. 11 Schottky frequency spectra of stored in the ESR hydrogen-like M*°Pr*** and fully ionized **°Ce"*" ions [47]. The
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modified from Ref. [19]
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Fig. 12 (Left) The rate of 2**U®* ions in a particle detector in the ESR. These ions were produced in beta decay of
the stored 23*Pa®¥T ions [111]. The insert shows the partial decay scheme of the isomeric and ground states of 3*Pa [79].
Since the half-life of the isomeric state is significantly shorter than the one of the ground state, the detected ions are
mainly attributed to the decay of the isomeric state 224™Pa®8t. The decay rate reflects directly the intensity of the stored
234mpa®8+ jons. (Right) Dielectronic recombination resonances measured 5 min after the injection of ***Pa®™ beam into
the ESR, when the isomeric state has completely decayed. The figures are modified from Ref. [111]

later, when the isomeric state fully decayed. The DR resonances of the ground state are shown in the right panel
of Fig. 12. Since the DR is a recombination process, the charge is altered and, thus, also the orbit. By blocking
the corresponding orbits, all down-charged ions can be removed from the ring. Hence, by tuning on the correct
resonance, the DR can be used as a tool to deplete one of the states. It is important to note that the non-resonant
radiative recombination will contribute to charge changing reactions for both states.

7 Conclusion and outlook

This work is a brief review of experimental techniques employed in heavy-ion storage rings for investigations of
properties of nuclear isomeric states. The presented characteristic results show the breadth and power of this
research. Campaigns for large-scale mass measurements will continue in the future at the ESR, CSRe and R3,
which will undoubtedly contribute with new data (excitation energies, half-lives, isomeric ratios, production cross
sections) on already known isomers as well as new isomers will be found.
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Recently, a new, dedicated low-energy storage ring CRYRING has been installed behind the ESR at GSI [20].
The beams decelerated in the ESR can be transported to the CRYRINGQESR. The advantage of CRYRING
is an even better vacuum and the possibility to decelerate the beams to lower energies, where the low limit is
determined by beam lifetime in the ring. Another facility connected to the ESR is HITRAP [21]. In HITRAP, the
beams extracted from the ESR at 4 MeV /u are decelerated in several steps to be finally stored as highly charged
ions in an ion trap. These new facilities open new opportunities for investigations with nuclear isomers.

With the establishment of the combined S+IMS technique, dedicated investigations of rare decay modes of
isomeric states will be intensified. First of all, 2y decay probabilities of other low-energy 07 — 07 transitions
will be measured, e.g., in **Mo and ?®Zr nuclei. Above an excitation energy of E* = 1022 keV, competing to 27
de-excitation is the decay by positron-electron pair creation. A unique ion is '4Pb®2* where the sum of the K-shell
electron binding energy (BE ~ 101 keV) and the excitation energy of the first excited 0% state E* ~ 931 keV [79]
is slightly above the pair creation threshold. If such a decay can be observed, the electron will occupy the empty
K-shell and a monochromatic positron will be emitted to the continuum [113].

Nuclear Excitation by Electron Capture (NEEC) is an illusive decay process which has been proposed in the
1970s [114]. A successful observation of NEEC has been reported in Ref. [115], which has been later disputed in the
literature [116, 117]. A heavy-ion storage ring has been considered since a long time as an ideal machine for such
measurements [118]. Several approaches are being pursued, where the electrons of the cooler or the bound atomic
electrons in the internal gas jet are considered in various experimental proposals. One of the ways to identify
NEEC is to detect high-energy v-rays from a high-energy isomeric state, which is excited to an intermediate state
via NEEC. The isomeric state in ?*Mo is (J™ = 21/2%, T}, = 6.85 h, E* = 2425 keV [79]) is often considered
for this purpose [119]. Another proposed example is the isomer in '*Sb (J™ = (19/27), Ty» = 17.7(1) h,
E* = 1851 keV [79]) which has a (15/27) state only 10 keV above it. An isomeric beam of fully ionized 2?Sb5!*
can be prepared in the ESR, transmitted to CRYRING, where it can be further decelerated down to very low
energies to eliminate possible background due to Coulomb excitation. Afterward the low-energy beam can be
extracted and implanted in a foil, which will be the source of electrons to be captured onto 12*Sh. The detection
of a 1128 keV ~-ray would manifest the NEEC process [20].

Since recently, nuclear reaction studies of astrophysical relevance are being intensively conducted at the ESR. In
these experiments, a stored, decelerated, cooled beam is brought into collisions with a hydrogen gas jet to measure
cross sections of proton-induced reactions [22, 23, 120]. In the future, it is planned to address also other types of
reactions in the ESR. Furthermore, various reactions experiments are planned at the CRYRINGQESR [121]. Often,
individual reaction cross sections on the ground and on the isomeric states are important. Here, the inventory of
methods to determine isomeric ratios can be applied to obtain the composition of the beam of interest.

Of special interest is the isomeric state in ??Th which has the lowest known excitation energy of about only
8 eV [122]. One of the exciting motivations to study this isomer is its potential application as a robust—insensitive
to external perturbations—highly precise frequency standard. A heavy-ion storage ring is a facility where a cooled
beam of fully ionized 2?2Th%* ions can be uniquely prepared. The possibility to couple lasers to the ring, see
Fig. 1, offers the capability for a direct laser excitation of the isomeric state. Furthermore, modifications of isomeric
decay properties due to hyperfine interaction in highly charged ions can be studied [123].

In summary, the present research into nuclear isomers as well as the plans for future experiments show exciting
prospects and have a high discovery potential. In addition to the presently running storage rings, new facilities will
become operational soon [124]. In a few years, the High Intensity Accelerator Facility (HIAF) will be completed in
Huizhou in China [125]. Its core is a new spectrometer storage ring (SRing) connected via a new high-acceptance
fragment separator to a 35-Tm synchrotron. Several new storage rings are planned at the Facility for Ion and
Antiproton Research (FAIR) [126, 127], though the time of their realization is presently uncertain. An advantage
of having a dedicated low-energy storage ring at an ISOL facility has been thoroughly investigated [128]. The
construction of such a machine is strongly supported by the community, as reflected in the latest NuPECC Long
Range Plan [129], but the project still awaits its approval. Last but not least, the quest for measuring neutron-
induced reactions, as considered by coupling a storage ring to a free-neutron target [130, 131], is being approached
by several groups. Studies of nuclear isomers or application of isomeric beams will inevitably play an important
role at these future facilities.
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