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Abstract Isomeric states in atomic nuclei are a well-known phenomenon all over the complete chart of
nuclei. Their properties deliver valuable information on the structure of the nuclei. A region of specific
interest are the very heavy and superheavy nuclei, where the occurrence and properties of isomeric states
will have an impact on the prediction of localization and strength of the spherical superheavy proton and
neutron shells. In this review, an overview of the present situation is given. Some specific features are
discussed for selected examples.

1 Introduction and history

Since the prediction of the next neutron and proton shell closures beyond 2°®Pb by Meldner [1] and Sobiczewski [2],
worldwide efforts driven by the quest to find the so-called ”island of stability” have lead to the discovery of isotopes
with assigned atomic numbers of up to Z = 118.

Over the years, these findings have been summarized in a number of review papers, e.g., in the collection of
articles [3]. Beyond the discovery of hitherto unknown elements and isotopes [4], the structure properties of these
heavy nuclei play an important role, governing their decay properties [5—7] and competition against fission [8]. The
quantum mechanical organization of a nucleus as an ensemble of the two types of fermions, neutrons and protons,
is typically described as single-particle levels. They are defined by the eigenvalues of the nucleonic system in a
nuclear potential, leading to a structure of varying density and energy gaps, defining binding energies and shell
closures. One particularly intriguing nuclear structure feature is the meta-stable states. In this paper, we discuss,
using selected examples, nuclear isomers being found while exploring the upper right part of the chart of nuclides
(Segré chart).

In this section, we briefly introduce the special properties of the various types of isomers found in nuclei with
Z = 96 (californium) to Z = 110 (darmstadtium), like, e.g., spin- and high-K isomers, and some particularities
for nuclear structure features in the vicinity of the well-established deformed proton and neutron shell gaps at
Z = 108 and N = 152. Additional deformed shell gaps are reported for N = 162 and with some evidence like
in Ref. [9] Z = 100. The methods to experimentally study those meta-stable states will be briefly introduced in
Sect. 2. We will discuss single-particle isomers in Sect. 3, K isomers in Sect. 4, and the consequence of isomeric
states on nuclear stability as well as the competition between various decay modes in Sect. 5. Existing and future
facilities and the opportunities offered there will be concluding the paper with Sect. 6.

In a number of review papers, the progress and achievements regarding the research in the field of nuclear
isomers throughout its now more than 100-year lasting history are summarized. The historical aspects are in the
focus of Ref. [12] by Walker and Podolyak.

In 1936 von Weizsédcker coined the notion of isomers in nuclei (”(-labile Kerne... in zwei ’isomeren’ Sorten”
- [-unstable nuclei... of two different kinds) [10], giving the example of the two activities "UZ” (later assigned
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Fig. 1 The first assignment of a nuclear isomer by von Weizsiicker [10] in the 3 decay of 234Pa observed by Hahn [11]:
a original decay scheme by Hahn in ref. [11]; b decay scheme with half-lives of the two 23*Pa, -decay activities, from the
g.s. ”UZ” and the meta-stable state "UX2”, and isotope assignments

as ground state of ***Pa with Ty, = 6.70(5) h) and "UX2” (later assigned as excited state of ?**Pa with

Ti/» = 1.159(1) min). Hahn had assigned both to #**Pa in 1921, thus observing the first nuclear isomer as shown
in Fig. 1. Protactinium was the second heaviest element after uranium at that time, discovered 23 years earlier in
1913 by Fajans and Géhring [13]. As in this early case, where the spin and parity of the ground state (g.s.) and the
isomer are assigned as 4T and tentatively as (07 ), respectively, meta-stability is caused by their quantum structure.
A large difference in spin and/or K (for the definition of the K quantum number see next paragraph) delays the
decay into a matching lower-energy state or g.s., leading to measurable lifetimes. For a detailed discussion of the
hindrance mechanism see [14]. In this comprehensive review paper, the various aspects of nuclear isomerism are
discussed as well as the role of the competing decay modes, like electromagnetic radiation/conversion-electron
(CFE) emission, a- and [-decay or fission. Drastic changes in shape from initial to final state can as well cause a
substantial delay of the corresponding transition.

For spherical nuclei single-particle states having the same values of n (radial quantum number), ¢ (angular
momentum) and j (total spin) are degenerate. For deformed nuclei, which are present in the trans-uranium
region with a spatially distorted potential this is described as a function of deformation by the Nilsson model,
using asymptotic quantum numbers Q.[Nn,A] to categorize single-particle properties (see e.g. ref. [15]). The
energetic sequence of states characterized by those quantum numbers at and above the Fermi energy determines
the probabilities of the de-excitation scheme and transition probabilities are determined by differences in quantum
number values like spin and parity of the initial and final nuclear state, determined by the unpaired nucleon(s).
For well-deformed nuclei the K quantum number, defined as the sum of the total spin projection on its symmetry
axis ), €, can be decisive for the lifetime of a state as selection rules delay its decay as a function of the
difference Kinitial — Kfinal and by possible parity changes, leading to a class of meta-stable states called K isomers.
In a recent compilation, Kondev et al. [16] evaluate hindrance factors (HF) and their dependence on transition
multipolarities as a function of AK, extending the early systematics compiled by Lobner [17] in the late 1960s.
Walker and Dracoulis discuss three types of meta-stability, which they categorize in shape-isomers, spin traps, and
K traps [18].

2 Detection of isomers

In the region above fermium, exotic nuclei are produced usually in heavy-ion fusion—evaporation reactions. The
experimental setups are designed to separate the wanted reaction products from the primary beam and to efficiently
reduce the background to provide the highest sensitivity for rare events. Reaction products are typically separated
based on their kinematic properties or mass, and transferred to a particle and photon detection system. In an early
pioneering experiment, Dittner et al. succeeded in revealing an isomeric state with a lifetime of 15.2 + 2.3 us
in 2»1Fm by a-X-ray coincidences [19]. Using a rather ingenious arrangement, of a rotating wheel in combination
with a set of stationary and moving detectors, the latter facing alternately the wheel and a stationary one, Ghiorso
et al. found the first isomer in 254No [20], by exploiting the decay recoil from the wheel onto the moving detector
and subsequent recoils onto a stationary detector mounted opposite to it. They could establish a half-life of 300 ms
which is close to the present value of 265(2) ms, established decades later by 7 spectroscopy (see Table 1). Modern
detection systems usually consist of position-sensitive silicon detectors combined with large-volume germanium
detectors, providing the highest detection efficiency, e.g., £ 80% for alpha, ~ 100% for spontaneous fission (SF')
and up to 40% for low-energy ~v-ray detection. Silicon detectors serve to detect a particles, electrons or fragments
from SF and germanium detectors provide the possibility for the detection of emitted v and X-ray quanta. A
schematic representation of decay spectroscopy after separation is shown in Fig. 2, showing also the detection
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Fig. 2 Decay spectroscopy after separation and genetic correlations: the recoiling nucleus 4X is implanted in a position-
sensitive detector at position (X, Y;). It subsequently decays via a emission in its neighborhood at position (Xal, Yal)
to the daughter nucleus (5 ~3Y) which itself decays to the granddaughter (4-5Y) at position (Xa2, Ya2). In addition to
the recoils and « particles v-, X-rays and CFEs are detected in coincidence. The technique allows correlations in position
and/or time of the recoil implantation and its subsequent decay due to the inclusive detection of the particles and photons
involved. (Figure modified from Fig. 27 of Ref. [7])

principle of a-decay chains and genetic correlations.

The separation technique of heavy-ion reaction products is a well-established tool, proven to allow the study of
very rare activities, even for single-event detection [21]. The present status and outlook toward future facilities will
be given in Sect. 6. For registration and identification of individual atomic nuclei, the method of position and time
correlations for implantation and decays of produced nuclei is applied in studies of the heaviest elements. The high
selectivity of this method led to the reliable identification of new isotopes and elements in the region of heaviest
elements, being also an efficient instrument for the identification of nuclear isomers. The methods to investigate
their radioactive decay as far as a-, B-decay or SF are concerned, are generally identical to an attempt to study
new isotopes and their decay. A nice example for a-decay spectroscopy of a meta-stable is the first identification of
the K isomer in 27°Ds [22]. Combined a-v decay spectroscopy is a powerful tool, as was shown, e.g., for 24" Md [23,
24], 2°5Lr [25, 26] or 257Rf [27, 28].

From the technical point of view, the identification of long-lived meta-stable states is related to the detection
of their delayed radioactive decay or de-excitation process of the populated state. Apart from decaying by SF
as, e.g., 25"Fm or by «a decay as observed for 266™Hs and the aforementioned 27°"Ds (see Table 1, Sect. 5 and
the contribution on hindrances to the « decay and fission of high-K isomers by R. Clark to this special issue),
those meta-stable states in trans-uranium nuclei are mainly observed to decay by internal transitions. The de-
excitation of heaviest nuclei often involves internal conversion, due to the significant increase of its probability with
proton number. This process results in the emission of CEs and X-ray quanta. The position signal of the emitted
electron can be used for further background suppression via the correlation to the previously emitted « particle or
evaporation residue (ER) implantation signal. This is illustrated in Fig. 2 for a particle-photon detection system
in the focal plane of a separator. At a given position in one pixel of the position-sensitive implantation detector,
an ER is detected with its subsequent « decays and the possible, coincident emission of v-, X-rays and CFEs. One
example for such a scenario is the re-confirmation of the single-particle isomer in 2°3No in the a-decay study of
25TRf [29], discovered by Bemis et al. employing delayed a-X-ray coincidences [30] and first confirmed by Streicher
et al. [31, 32] in the 261Sg o decay chain as well as shortly after in delayed CE spectroscopy by Lopez-Martens
et al. [33]. In that fashion, employing all particle and photon correlations and coincidences, a delayed correlation
search can be performed for the conversion-electron signal following the ER implantation signal to search for ER-
CF events or even triple events of type FR-CE-a. Such an approach was applied for the identification of isomeric
states in 28Rf populated by EC decay of 2°*Db [34].

In many cases, isomeric states are highly excited with energies well above the ground state and de-excite via a
cascade of transitions. Typical examples of this kind of meta-stable states are multi-quasiparticle isomers, located
usually at excitation energies above 1 MeV. Their de-excitation populates many low-energy states, which results
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in a cascade of emitted v quanta accompanied by CFEs, both observed as a coincidence of signals in the germanium
and silicon detectors. As a consequence, the method described above can be used to apply the so-called calorimetry
method, where the signal of the electron cascade does not serve only as a trigger but is also used to establish an
approximate excitation energy of the isomeric state. The validity of this method was proven already at the end of
the 1970s [35]. In the last decades, it has been most commonly used, for example, to study K-isomeric states in
the heaviest atomic nuclei [36].

Similarly, highly excited states populated by (3 decay in heavy nuclei de-excite by a series of internal transitions
leading to a cascade of CEs and 7y quanta. However, the possibility of investigating [ decay of the heaviest
nuclei is experimentally very difficult. Most of the hitherto known cases undergo 8% /EC decay with EC strongly
dominating over the 3% decay. Therefore, the identification of the S-decay process relies on the emitted X-ray
and CFs from the states populated by the radioactive decay. For some cases, like for very heavy isotopes with a
dominating EC-decay branch, the detection of such a sequence is the only source of information about the states
populated by the 3 decay. An example is the decay of 2>*Md leading to the identification of the 11/27[725] isomer
in 2°3Fm [37], or the first attempt to identify EC-decay of an isomeric state in 2°7Rf [27].

The investigation of nuclear isomers often deals with excited states of short lifetimes. Here, one has to optimize
the performance of in-flight separators. With the time of flight from the target to the focal-plane detector system
in order of microseconds, they provide fast separation of the desired reaction products from the vast number of
unwanted reaction products and scattered beam particles. However, in the case of such short lifetimes in the us
range, it is crucial to distinguish between signals from the implantation of FR and its radioactive decay. Therefore, a
high time resolution of the experimental set-up is of particular importance. Concerning the decay of excited states,
it is mandatory to discriminate the implantation signal or the signal of the decay populating the isomeric state
and the signals from the isomer de-excitation (e.g., a decay, EC' or SF'). In recent years, significant advancement
toward access to very short lifetimes was achieved by the application of flash-ADCs and pulse-shape analysis in so-
called ”digital” data acquisition systems [38], see for example, the application to isomer identification in 2>*Rf [39]
or 2°°No [40, 41]. In the latter case, i.e., 2°°No, this approach led to the clarification of the decay mode of the
isomer, previously tentatively attributed to the long-lived SF branch [42, 43], with further consequences for the
significant change of the SF hindrance factor (see Sect. 5.1 for more details).

An alternative approach to investigate nuclear isomers, even for the heaviest nuclei, is the high-precision mass
measurements, e.g., in Penning traps. For a recent review of the field, see Ref. [44].

3 Spin isomers

Deformed nuclei are characterized by a high density of single-particle states. Due to the presence of orbitals
stemming from high-j spherical subshells, for many isotopes orbital energies for high and low 2 differ by a few
100 keV or even by a few 10 keV only. Thus, the low energy and the large angular momentum difference to the
ground state or lower-lying states lead to long lifetimes of the excited state, often on the order of several seconds.
Due to the similar deformation of all nuclei in this region, we can see similar structures in nuclei with single proton
states along the isotopic lines or single-neutron states along the isotone lines. In this section, we will describe two
characteristic examples of odd-Z isotopes around lawrencium (Z = 103). In specific cases, single-particle isomers
can be formed via K-hindrance which we will discuss in Sect. 4. This will be discussed there with examples for
isotones with N = 153 neutrons (Sect. 4.1).

3.1 Isomeric states in Odd-Z isotopes

The isotopes with odd proton numbers in the fermium region are known for the presence of the low-spin single-
particle Nilsson states 1/27[521] and 3/2~ [521] combined with higher spin states as, e.g., 7/21[633] and 7/2~ [523]
at low excitation energies. These states are interesting since they stem from the levels 2f5 /5, 2f7 /5, 1hg 5 and 1i;3/9
which are responsible for the existence of the possible closed shells in the region of superheavy nuclei (SHN).
However, the ordering of the states is unknown for most of these isotopes and for several of them, even the
ground-state configuration is not safely established.

One example is ?4"Md, which also represents one of the most detailed studies for isotopes above Z = 100. It was
first identified as an « emitter at the SHIP separator [47]. In a later experiment, in addition, a short-lived fission
activity of 0.23 s half-life was observed and tentatively assigned to the low-lying low-spin 1/27[521] level, as for
the also low-lying 7/27[514] state, a higher fission barrier was expected [48]. In follow-up studies, besides SF, also
« emission of the 0.23-second activity was observed. Using a—y spectroscopy, it was assigned to an isomeric state,
while the 7/27[514] Nilsson level was assigned to the ground state with a half-life of 1.20(12) s [23, 24, 49]. Most
of the available theoretical models predicting the single-particle level energies for odd-Z isotopes in this region
expect energy differences between the levels to have only a few 100 keV [25, 45, 50]. The somehow surprising
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Fig. 3 Single-particle level (SPL) systematics for mendelevium (Z = 101) isotopes. Left panel, theoretical calculations [45].
The right panel shows available experimental data with suggested excitation energies. Please note, that for 2*Md, the
1/27[521] state is suggested in [46], although systematic data indicate rather the 7/27[514] configuration for the ground
state

outcome of the experimental studies is that the energy difference for the identified single-particle levels goes down
sometimes to several 10 keV only. As discussed in ref. [24], it raises the question of the existence of Z = 114 closed
shell in the region of superheavy elements. In particular, the comparison of the energy difference AE between the
two states, 1/27[521], stemming from the 2f5 /5 orbital and 3/27[521], from the 2f;/, orbital, was measured as
68 keV in 2**Es [24], while it is predicted to be stable at ~ 1 MeV over a wide range of deformation, starting at
the spherical Z = 114 shell closure, in ref. [15]. However, one has to be aware of uncertainties on both, theoretical
and experimental, sides.

The pattern of a long-lived 7/27[514] ground-state and shorter-lived 1/27[521] is suggested also for neighboring
isotopes 245Md [46] and 24°Md [51]. However, more detailed information is still missing as the accumulated statistics
of decay events is very low. One of the reasons is the low production cross-section of 24°Md. In some cases, data
were collected as a part of the decay chain from heavier isotopes, as for 24°Md which was studied as a daughter
product of 2°3Lr and 2°"Db. In fact, besides 24"Md, only for 2°'Md and 2°°Md excitation energies have been
suggested for the isomeric 1/27[521] state relative to the 7/27[514] ground state. The ordering of the states in
251Md is fixed on the basis to the a-decay fine structure data for 25°Lr [25].

The ground state of 25°Md is assigned as 7/27[514], while the 1/27[521] state is suggested at an excitation energy
E* of 12 keV [52]. Such a low-energy state should be again responsible for the existence of long-lived isomers as we
see it in some neighboring mendelevium and lawrencium isotopes. The energy of this state was assumed, based on
favored o decay from 2°°Lr presumably populating a low-spin excited state, assuming the 7/27[514] configuration
for the ground state of 2°°Lr. The scenario on the population of the excited state by a decay of ?*°Lr has been
kept since early summary reports [53]. We have to note here, that the 2°Lr ground state is not assigned reliably
even today. Some of the theoretical calculations suggest its 7/27[514] configuration [45, 50]. This scenario would
lead to the conclusion that the o decay of 2?Lr to the ground state in 2°°Md is unhindered. Therefore, the level
assignment for the ground state and also the expected isomeric state in 2°°Md should be taken with caution.

Even more uncertain is the situation for odd-A lawrencium isotopes. For these nuclei, in most cases, even the
ground-state configuration is unknown. Presently, only for 2°°Lr, high-quality spectroscopic data are available [25,
26], where the ground state is assigned as 7/27[514] and the isomer as 1/27[521]. Contrary, the opposite order of
these single-particle states was suggested for 253Lr and 2°!Lr, recently [54]. However, it should be noted, that the
statistics was limited, in the case of 2°'Lr only to several events in the work mentioned above. Based on a-decay
studies of 261 Db and EC-decay studies of 257™ 9Rf, the ground-state of 25" Lr was tentatively assigned as 9/2%[624],
while a newly identified isomeric state of 0.2 s half-life was assigned to the 1/27[521] state [55].

For odd-Z isotopes above bohrium (Z = 107), the experimental data for nuclear isomers, available up to now,
are very limited. For some isotopes, experimental data suggest broader a-decay energy distributions and slightly
different half-lives. However, the results are typically based on a few events, and the statistical uncertainties do
not allow any unambiguous conclusion. Although it is natural to expect the presence of similar isomeric states also
in the region of the heaviest known elements, the proof of their existence would require a more substantial body
of experimental data. One example of such studies and the difficulties of drawing conclusions from single events
is the investigation of 289Mc [56]. It would be even more challenging to obtain the necessary high-quality data to
allow conclusions on the configuration of low-lying Nilsson orbitals. A boost in the capabilities of experimental
instrumentation is mandatory to hope for detailed spectroscopy of the heaviest nuclei (see section 6).
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Fig. 4 Update of Fig. 43 in Ref. [7]: Summary of K isomers for the heaviest nuclei at and above Z = 96. For more details
see Table 1

4 K isomers

In the region of the Segré chart from curium up to darmstadtium K isomers have been identified in a total of
24 nuclei (see Fig. 4 and Table 1). The access to high-J orbitals close to the Fermi energy surface in this region
of deformed nuclei favors the formation of high-K values in quasiparticle excitations leading to a stabilization
of the high bands and long lifetimes of high-K band heads. For a more general discussion of K isomers, see the
contribution by Walker and Kondev to this special issue [57]. In the next sub-sections, we will discuss specific cases
in the region of the heaviest isotopes.

After the first observation in the curium isotopes 244 246Cm, even—even isotopes in the region around the Z =
100 and N = 152 and in particular 2°*No were in the focus of a series of investigations. Only recently, K-isomeric
states were found in even—odd and odd—even nuclei. According to the assignments proposed by their discoverers,
they are formed by three-quasiparticle states, in contrast to the even—even cases which are supposed to have two-
and four-quasiparticle configurations. In Table 1 the known K isomers in that region are listed with their major
properties, including their single-particle/quasiparticle configurations. Although it is listed in a table of fissioning
K isomers by Kondev et al. in ref. [16], we omit to list here a possible SF' K-isomer which was tentatively assigned
to 252Rf by Somerville et al. [58] and which could neither be confirmed nor excluded in a later study by Lane
et al. [59].

4.1 Single-particle K isomers in even-Z N = 153 isotones

For nuclei with one unpaired nucleon, the relation 2 = K is valid. So, formally, single-particle isomers in well-
deformed nuclei may also be regarded as K isomers. However, such a classification seems only meaningful, if
the lifetime or the decay is determined by K hindrance. The decisive relation for this is the selection rule
AK=| K; — Ky |< AL, where K; and Ky denote the K value of the initial and the final state, and AL the
difference in angular momentum which defines the multipolarity of the transition.

In the case of single-particle isomers, one has to distinguish the two cases K; < Ky and K; > K. As the Nilsson
level Ky is the head of a rotational band with spins Q(= K¢), Q+1, Q+2..., in the case of K; < Ky the angular
momentum difference AL = | K;-K | is the lowest within the rotational band, i.e., the transition K; — K has
the lowest multipolarity. So, according to the definitions given above, there is no K hindrance and the transition
K; — K can be regarded as a usual single-particle transition.
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Table 1 Extension of the table of known K isomers in heavy and SHN from curium to darmstadtium, including odd-Z /N
and odd—odd isotopes and single-particle excitations with respect to earlier listings [6, 60]. IT denotes internal transitions
which can proceed via -y emission or internal conversion. Note of caution: the configuration assignments in many cases
are often based on systematics and model assumptions, rather than on safe experimental findings. For details of those
assignments see the corresponding references

State K™ Ty/2 E. Decay Configuration Ref.
mode assignments

244mCOm 6t 34 ms 1.040 MeV IT 5/21[622], ® 7/21[624], [61]

[62]

246m Gy 8~ - 1.179 MeV IT 7/27(624], ® 9/27[734], [63]

248mof >5 >140 ns 0.9 MeV (IT) - [64]

48mpy (6) 10.1(6) ms - IT Two-quasiparticle [65]

[66]

[67]

20mpm 8~ 1.92(5) s 1.195 MeV IT 7/2%(624], ® 9/27[734]. [9]

23mEm 11/2 0.56(6) s ~350 MeV IT 11/27[725], [37]

256mpm 7 70(5) ns 1.425 MeV IT,SF 7/27[633], ® 7/27 [514], [68]

249m\id (19/27) 2.4(3) ms >0.910 MeV IT 7/27 [514], ® 5/27[622] [69]
® 7/2%[624],

2Impid (23/21) 1.37(6) ms >0.844 MeV IT 7/27514], ® 7/21[624], [69]
® 9/27[734],

20mNo® 6" 34.9139 ~1.2 MeV IT,(SF) 5/27[622]v ® 7/2%[624])v [70]

[40]

2lmNg - ~2 us >1.7 MeV IT 7/271624], ® 9/27[734], [71]

[72]

22mNo 8~ 109(3) ms 1.254 MeV IT 7/2%(624], ® 9/27[734]. [73]

[74]

253mNo > 23/2 627(5) us >1.44 MeV IT 9/27[734],® 7/2%[624], [31]

®7/2%[613], [33]

and/or® 9/21[624],® 7/27[514]« [29]

® 9/27[734], [37]

254miN e 8~ 265(2) ms 1.296 MeV T Two-quasiparticle [75]

254m2N o¢ (16™) 184(3) s ~2.5 MeV IT Four-quasiparticle [76]

[77]

(78]

255miNo 11/2° 109(9) us 240-300 keV IT 11/27[725], [79]

11/2° 86(6) us ~200 keV IT 11/27[725], [80]

i (o 19/2-23/2 77(6) ps 1.4-1.6 MeV IT 1/27[521]-® 9/27[624] [79]
®11/27[725],

21/2% 2(1) ps ~1.3 MeV IT 1/27[521)-® 9/27[624] [80]
®11/27[725],
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Table 1 (continued)

State K~ T2 Es Decay Configuration Ref.
mode assignments
255m3No? >19/2 >1.240%us >1.5 MeV IT - [79]
27/2% 92(13) us >1.5 MeV IT 7/27[514]-® 9/27[624], [80]
®11/27[725],
255miNg - 5(1) us >2.5 MeV IT Five-quasiparticle [80]
256mNo 5777 7.878 3 s > 1.1 MeV IT 11/27[725], ® 1/21[620], [81]
and/or® 11/27[725],® 3/21[622],
255m27 (15/2) 10-100 ns >1.6 MeV IT 1/27[521]-® 7/27[514] [82]
®9/27[624]
255m3 (25/2) >1.70(3) ms >1.6 MeV IT 7/27[514], ® 7/27[624],, [83]
®11/27[725], [26]
[82]
253mR 9 - 0.66719 ms > 1.02 MeV IT - [72]
- ~0.6 us - IT - [84]
254mipy 8~ 4.7(1.1) ps - IT, (SF) 7/21[624],® 9/27 [734]. [39]
254m2R 16" 247(73) s - IT, (SF) 7/21[624],® 9/27 [734]. [39]
®7/27[514],® 9/21[624]
255m2pR fh 19/2% 291 T us 1.103 MeV IT 9/27[734], ® 1/27 [521], [85]
®9/27[624] [86]
255m3R fh 25/2% 49713 s 1.303 MeV IT 9/27[734], ® 7/27 [514], [85]
®9/27[624] [86]
256mIRf 6,7 25(2) ps ~1.12 MeV IT - [87]
256m2Rf 10 17(2) ps ~1.4 MeV IT (9/27[734],® 11/27[725],) (87]
256m3Rf - 27(5) s 2.2 MeV IT - [87]
TmiRs 11/2 4.1(4) s ~75 keV IT 11/27[725], (88]
2BTmIRf (21/21) 106(6) s 1.151(11) MeV IT 1/27[521)-® 9/27[624] [89]
®11/27[725], 88]
[90]
266m g - ~74 ms ~1.2 MeV a - [91]
[60]
210mPDg 97,107 ~6 ms ~1.13 MeV a 11/27[725], ® 7/2%[613], [22]
or 11/27[725], ® 9/2%[615], [60]

“ Values taken from ref. [40]

® See Ref. [37]
¢ The configurations for the two isomers are still under debate (see corresponding references)

@ obviously the assignments for 2**™2No and 2**™*No are inverted in Refs. [79] and [80]
¢ See Ref. [81]

T Values taken from Ref. [82]
9 Note: half-lives differ by three orders of magnitude for the two literature values from [72] and [84]

" Configurations and the values for T}/, and E* are taken from Ref. [86]
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Fig. 5 Level schemes of E* | keV E* | keV
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Contrary to this situation in the case of K; > Ky angular momenta differences into excited members of the
band are AL = K;-Ky-n (with n = 1, 2...) and thus are lower than K;-K;. This means, that transitions of
lower multipolarities from the level of K; into members of the rotational band built on K¢ are possible then for
transitions into the bandhead having K. However, it can be shown that half-lives of those transitions are not in
line with those expected for single particle transition. Representative for that kind of K isomers are the 11/27[725]
states in even-Z N = 153 isotones.

In Fig. 5, we compare experimental levels schemes in the left panel (Fig. 5a) with the results from calculations
by Parkhomenko and Sobiczewski [92] in the right panel (Fig. 5b). The ground state configurations of the N = 153
isotones are predicted and experimentally (except of 2°Sg) confirmed as 1/27[620]. Low-lying Nilsson levels are
7/27[613] and 3/27[622], the trends in energy are similar, at least for the lightest nuclei in the isotonic series, while
the experimental absolute energy values are shifted up for 3/2%[622] and down for 7/2%[613] with respect to the
theoretical values. This leads to an inversion in level order for the low-Z part of the series. For the lightest member
considered, 249Cm, the 11/27[725] is predicted at E* = 300 keV, while the experimental value was measured
as E* = 375 keV [93]. For this Nilsson state, the calculations show a steep decrease in energy for increasing
proton numbers, while experiments show only a rather slight decrease in the range Z = 96 — 102. The increase
of the 7/2%[613] state with increasing atomic number leads to a short-lived isomeric 11/27[725] state, decaying
predominantly by hindered E1 transitions into the 9/2% and 11/2% levels of the rotational band built on the
7/27[612] state. As shown in Fig. 5, a drastic change of the 11/27[725] isomer properties occurs from Z = 102
to 104, where the 11/27[725] eventually drops below the 7/2%[612] and becomes the lowest excited Nilsson level.
The change from AK = 2 (11/27[725], 7/27[612]) to AK =5 (11/27[725], 1/27[630]) between the isomeric state
and the lower-lying state, leads to a huge increase of the half-life by roughly a factor of 60,000. As a consequence,
a decay dominates over internal transitions. A further quite interesting feature occurs from 2°"Rf to 2°?Sg, where
the 11/27[725] Nilsson level becomes the ground state and 1/2%[620] becomes the first excited Nilsson state [94].
This, formally, turns the K isomer (for 2°"Rf) into a spin isomer (for 2°°Sg).

4.2 High-K isomers in even—even isotopes

The heaviest nuclei for which K isomers have been detected, 27°Ds [22] and 25CHs [60] are, as the majority of cases
listed in Table 1, even—even nuclei. In both cases, the meta-stable states have a longer lifetime than the ground
state and « decay of the isomer is observed, although the number of detected decays is rather small and conclusions
regarding the configuration are uncertain. In Sect. 5.2, we will discuss a-decay hindrance in more detail.

The majority of K isomers observed in the region discussed here, decay by internal transition (v/CFE) for which
during the past two decades a body of data has been collected which allows more systematic studies of K-isomer
properties, e.g., along isotone series. This can be extremely useful to reveal and understand the nuclear structure
properties leading to the formation of K isomers. As it is known for odd-mass isotones in even-Z nuclei, that
nuclear structure, specifically the ordering of Nilsson levels (and also with some restrictions excitation energies) is
similar along a series of isotones, similar behavior can be expected for two-quasiparticle K isomers along sequences
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Fig. 6 Left Panel: Simplified decay schemes of K isomers in the N = 150 isotones 2**Pu, 2*Cm, ?*°Fm and ?*?No. Right
panel: Comparison of predicted excitation energies of the K™ = 8~ isomers in N = 150 isotones with the experimental
values for the models by Liu et al. [67], Delaroche et al. [95], Adamian et al. [96], Minkov et al. [97] and Xu et al. [98]

of isotones with even neutron numbers. In N = 150 isotones K isomers have been identified from Z = 94 (>**Pu)
to 104 (2°4Rf). While the decay properties of 248™Cf and 2°4™Rf are uncertain, those of 244™Pu, 246mCm, 2°0mFm
and 2°2mNo are well studied, and appear to be quite similar, as shown in Fig. 6, left panel, where (for better
presentation) simplified decay schemes for these isotopes are presented. For all four cases, the decay of the isomers
occurs via two paths: a) decay of the isomer into the I™ = 8% level of the ground state rotational band which in the
case of 2°2™No is quite weak, contrary to the situation for 244™Pu, 246" Cm and 2°°"Fm; b) decay of the isomer
into the I™ = 8~ level of an octupole vibrational band with the bandhead I™ = 2. Strong decay intensities are
observed into the I™ = 8%, 6T members of the ground-state rotational band, but also strong intra-band transitions
followed by decay from lower members of the octupole band into lower members of the ground state rotational
band are reported such as the transitions 5= — 4% and 2= — 2% in 259mFm [9] and 252"No [73]. All these
findings hint to the same structure of the isomers and presently there is common agreement on a two-quasineutron
state 9/27[734], ® 7/2%7[624], resulting in I™ = 8. For the cases of 2°Fm [9] and 252No [74], this configuration
was clearly deduced from the M1/E2 intensity ratios for transitions within the rotational bands built up on the
isomers.

Low-lying two-quasiparticle states in even-Z, N = 150 isotones have been addressed by a number of authors
applying different model approaches [67, 95-98]. In Fig. 7, left panel, the results from Delaroche et al. [95] for two-
quasineutron states are compared with the experimental data for the N = 150 isotones in the range Z = 94 — 102.
In all cases the I™ = 8~ state is the lowest lying one. Other states are predicted at E* > 1500 keV. The I™ = 8~
states, however, are predicted at somewhat lower excitation energies with AFE(exp,theo) = 115 — 190 keV, except
for 248Cf where the difference is AE(exp,theo) = 250 keV. But here one should keep in mind that the excitation
energy of the isomer is not well established.

In Fig. 7, right panel, we compare the two-quasiproton states predicted by Delaroche et al. [95] below E* = 2 MeV
with the experimental results. As expected for nuclei with different proton numbers, with consequently different
single-particle levels at the Fermi surface, the predicted two-quasiproton states have different configurations, so
no common trend is observed as in the case of two-quasineutron states. Therefore, the similar structure of the
observed K isomers in the N = 150 isotones supports their interpretation as two-quasineutron states.

Calculations for K isomers in N = 150 isotones were also performed by Xu et al. [98], Adamian et al. [96],
Liu et al. [67] and Minkov et al. [97]. Xu et al. consider as a possible configuration of the K isomer in 2YFm
a two-quasiproton state of I™ = 7~ (configuration 7/2%[633], ® 7/27[514],) at a calculated excitation energy
of E* = 1.01 MeV. Note: the paper of F.R. Xu et al. was published before 22" No was discovered and before
detailed spectroscopic data for 2°Fm were published. In 2°2No, the I™ = 8~ was established at a considerably
higher excitation energy of E* ~ 1.5 MeV. Xu et al., however, remark that their calculations show that I"™ =
8~ two-quasineutron states (configuration 9/27[734], ® 7/2%[613],) exist systematically in N = 150 isotones at
excitation energies around 1 MeV. But only for 2°°Fm, a definite value of E* = 0.97 MeV is given.

In Fig. 6, right panel, the experimental excitation energies of the K isomers in the N = 150 isotones are
compared with the results of the different calculations for I™ = 8~ two-quasineutron states. The calculations of
J.P. Delaroche et al. reproduce the trend of quite stable excitation energies quite well, but deliver in general by
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Fig. 7 Left panel: Comparison of predicted [95] excitation energies of two-quasineutron states in N = 150 isotones with
the experimental values for the K™ = 8~ isomers. Right panel: Comparison of predicted [95] excitation energies of two-
quasiproton states in N = 150 isotones with the experimental values for the K™ = 8~ isomers

about 115 — 190 keV lower values. The calculations of Minkov et al. produce quite stable excitation energies for
244py, 246Cm and 248Cf and reproduce the experimental values very well within AE = |50| keV. But for the
Z >98 isotones, the calculations result in steeply increasing excitation energies and deliver excitation energies
which are too high by ~ 175 keV for 259"Fm and ~ 250 keV for 252™No. Quite satisfying agreement between
experimental and calculated values is obtained by Adamian et al., while Xu et al. and Liu et al. obtain too low
excitation energies for the cases they consider.

The model predictions of Liu et al. may hint to a change in the structure of the K isomers going from Z = 102
to 104. The drastic change in the half-lives from 22™No to 2°4™Rf has been discussed in Sect. 4.1. In Ref. [39] as
a possible reason, David et al. reported a decrease of the hindrance of the M1 decay branch from the K™ = 8~
isomer into the I™ = 7~ of the octupole band (indeed we observe in 252™No a strong increase of the transition K™
=8 — I™ =7 (or I" = 6~) compared to the E1 transition K™ = 8~ to the I™ = 8T state of the g.s. rotational
band compared to the lighter isotones) and/or that the K™ = 8~ isomer and the I™ = 8 might be very close in
energy, leading to an accidental configuration mixing resulting in a shorter half-life.

The calculations of H.L. Liu et al. result in a clear separation of the K™ = 8~ isomeric state (there denoted as
1287 ) from other states, like 7277, 1267 in 2°°Fm or v?6™, 725~ in 25?™No. Contrary to that, in 24" Rf the K™
= 8 state lies close in energy to a K™ = 5~ two-quasiproton state (configuration 1/27[521], ® 9/27[624],) and
a K™ = 8 two-quasiproton state (configuration 7/27[514], ® 9/2%[624],). Thus, a change of the configuration
of the isomeric state from 2°2™No to 2°4™Rf could be one reason for the drastic change in the half-lives. Another
one might be the location of the K™ = 5~ state below the K™ = 8~ isomer, resulting in a lower hindrance of the
decay due to a lower value of the difference AK. Two more possibilities are discussed in [39]: a) a decrease in the
hindrance in the M1 decay branch to the 7~ member of the octupole band with increasing atomic number in the
N = 150 isotones, and, b) the I™ = 8~ member of the K™ = 2~ octupole band could be very close in energy to the
K™ = 8™ isomer, leading to an accidental mixing and thus shorter lifetime. More detailed studies are necessary
to clarify the situation.

Instead of fusion—evaporation reactions, the use of nucleon transfer is an alternative route to populate excited
states in heavy nuclei. It was even proposed as a possible production scheme for SHN (see, e.g., Refs. [99-101]).
Recently, R. Orlandi et al. [64] reported on an excited state in 248Cf produced in the transfer reaction
249C£(180,190)248Cf, discussing a number of configurations suggesting as most probable spins and parities K =5
to K=8~ for this state. From not observed decay of this level, they deduce that its lifetime should be larger than
~ 200 ns.

4.3 K Isomers in even—odd/odd—even isotopes

In addition to high-J, quasiparticle excitations in the presence of an unpaired nucleon coupling to three-
quasiparticle configurations can lead to multiple formations of high-K states as shown by recent findings for
even-odd and odd—even nuclei in the vicinity of N = 152, like 2°No and Z = 100 like 249:251Md (see Fig. 4) which
we have chosen to discuss in the following from the five even—odd (orange in Fig. 4) and three odd—even (green
in Fig. 4) known isotopes for which K-isomerism was reported. An example for the single-particle level structure
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around Z = 100 and N = 152 for 2°°No shown in Fig. 9 with possible excitation scenarii illustrates the possibilities
to construct the high- K configurations mentioned above.

Bronis et al. revisited data taken earlier at the velocity filter SHIP of GSI, considering CEs emitted by the 2°°No
ERs formed in the production reaction [79]. On the basis of ER-CE;(—CE5)(—y) correlations, the presence of two
new high-K isomers, 2?°™2,255m3Np, in this even-odd nobelium isotope are proposed. The tentative level scheme
of 2°°No with the approximate location in excitation energy E*, and possible spin and parity assignments is shown
in Fig. 8a. Here, also alternative scenarios are shown for the connection of the higher lying 2°*™2No and 25°™3No
to 2°°™1No, the lowest in E* of the three isomers. In Fig. 9, a possible assignment for 2°°™2No is illustrated
based on single-particle level (SPL) configurations showing the g.s. and possible proton and neutron single-particle
excitations. For 255™2No Bronis et al. propose with 1/27[521],® 9/27[624], ® 11/27[725], the same configuration
as the one assigned to 2°7Rf in the literature, for which the decay scheme is also shown in 8b. A similar situation
is observed for the even—even nuclei 2*2No and 2°°Fm, where for both the configuration 7/2%[624], ® 9/27[734],,
is assigned to the observed K isomer. The difference between the two configurations is that only neutron states
contribute to the quasiparticle configurations for 2°°™2No and 2°7Rf, while for the pair 2°°No-2°"Rf, two of the
three coupled states are proton states. In an independent experiment, the same nucleus has been investigated at
the velocity separator SHELS of FLNR/JINR in Dubna, Russia [80].

Fig. 8 a Tentative decay
scheme of isomeric states in (a) 77%6ps Zio alus (b)
255No. Blue dotted lines L e e >1500(>19/2)
represent previously 2550\ oM3 | 1
observed levels and Z5No™2| >~ =
transitions [102]. Dashed s
lines indicate only tentative o g a7
assignments. Roman 3 (151/1250'_113(/)% )
numerals and rectangles at 106+6us
the end of horizontal lines (21/2+)1081
correspond to different 257Rfm2
scenarii, where various .-é’o R
members of the 11/27[725]
rotational band are Scenario
populated via the 632-, | II (23/27)—
741-, and 839-keV (19/2 )(109) 9
transitions (see Ref. [79], (7/2)m—Y———e (21/27) ©
Sec. IVB). b Decay scheme (98): |(109) 7]
of the isotonic neighbor (15/27) w (85) :(98) (19/27)—
257Rf [90]. Energies are in (13/27) 4 7 85 _ -
keV. (Figure and caption 240-300% (1 )(Vzégig[ns]) W7/2)4—
m
taken from Ref. [79].) No \\]; = s 4.7+0.4s
32t 147 (13/2) Z7RFM™
ﬁ_L 70 v:11/27[725]
1/2+[620]—2"’5W ----- 9:Semm gy 1/2*1620]
g.s. ZSSNOmZ g.s. 255N0m2
52512 —4m48 ———
1/27521] - —— 0—17%2 ngg]]
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32 [521] &€ —6 —O 66— 5/2%[622]
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Fig. 9 Ground-state configuration of 2**No and tentative > No three-quasiparticle configuration. Given single-particle
levels for protons and neutrons were calculated in ref. [15] with nuclear deformations taken from ref. [103]. The neutron
Nilsson levels 1/2+[620], 3/27[622], and 5/2%[622] were placed based on the experimental results from refs [34, 104], [102],
and [94], respectively. (Figure and caption taken from ref. [79].)
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For 249Md, the possible existence of an isomeric state was first proposed by Hefberger et al. [51] based on the
a-decay population scheme from two different states in 2°3Lr. A recent series of experiments was conducted at the
gas-filled separator RITU of the cyclotron accelerator laboratory of the University of Jyvéaskyld. In this context,
Briselet and co-workers reported on in-beam spectroscopy results for 249 251Md collected with the RITU target area
detection system for electron and v spectroscopy SAGE [105, IOGL. These mendelevium isotopes were produced,
employing targets of 203 295T1 in the reactions 20% 205T1(#8Ca,2n)?4 251 Md. In continuation of this study, Goigoux
et al. reported hitherto unobserved K isomers in 249 251Md [69], revealed in the same experiment series, using the
combined silicon-germanium detector array GREAT in the RITU focal plane. They investigated the decay of these
two isotopes by means of recoil-a-CE-y coincidences. For 249Md a short-lived activity of 2.4(3) ms with a lower
excitation energy limit of E* > 910 keV could be established from recoil-a-e~ correlations. For 2°’!Md a state
of 1.37(6) s half-life and a lower excitation energy limit of E* > 844 keV was found applying the same method,
however, with the need of the condition of a subsequent « detection in addition to the recoil-e~ correlation, due
to the slower decay time overlapping partly with random correlations.

For the assignment of the new meta-stable states to K isomers formed by three-quasiparticle states, the authors
use a microscopic-macroscopic (MM) model as described by Muntian et al. [107] based for the macroscopic
component on a Yukawa-plus-exponential folding function [108] and on a deformed Woods-Saxon single-particle
potential for the shell correction energies [109]. For both isotopes, the resulting proton configuration is the same
with the unpaired proton in the highest occupied SPL 7/27[514]. With 148 and 150 neutrons, respectively, 24°Md
and 2°'Md are two and four neutrons short of the N = 152 shell gap. Thanks to this, they grant access to the
three SPLs below the shell gap. Similar to Fig. 9 for 2°°No, a schematic view of the single-particle configurations
is given in Fig. 12 of ref. [69]. Two model approaches within the MM model framework, one using a level blocking
scheme and a second one applying a quasiparticle method (for details see [69] and references therein), provide
consistent arguments to extract energy and spin/parity arguments for the assignment of the SPLs involved in
the three-quasiparticle configuration. For both nuclei the combination of the unpaired proton in its original g.s.
level, and breaking the pair in the last occupied neutron level and elevating one of the neutrons into the next
higher level turns out to be the most likely configuration for the respective K isomer. This leads to mv2=19/2~
with 7/27[514],®5/21[622],®7/21[624], and 7v?=23/2% with 7/27[514],®7/2%[624],29/27[734], for the new
three-quasiparticle K isomers in 24Md and 2°*Md, respectively (see Table 1).

These examples for K isomers in even—odd and odd—even nuclei illustrate the rich nuclear structure features
offered by the combination of the presence of high-J orbitals and an unpaired nucleon. Up to now, no K isomer
has been reported for a system with an odd proton and an odd neutron number at the same time, in the region we
are discussing here. Interesting candidates would be 2°Db for which two activities haven been observed in « decay
as well as recently in 3 decay [34, 110] and its a-decay daughter 2°*Lr, building with a- and B-decay branches a
decay network around the deformed neutron shell gap N = 152 in the vicinity the Z = 100 nucleus ?*2Fm.

5 Discussion on the impact of isomers on the stability of isotopes

5.1 Stability of K isomers against fission

It is well known that SF' of nuclei with odd numbers of protons and /or neutrons is hindered compared to even—even
nuclei. This feature qualitatively can be understood by the conservation of angular momentum and parity. While
a pair of nuclei coupling their angular momenta to L = 0 may change the nuclear level at crossing points for
increasing deformation toward the fission configuration, thus following the energetically most favorable path [111],
for an unpaired nucleon this is normally not possible as it has to keep its angular momentum, which leads to an
effective increase of the fission barrier, in literature denoted as ”specialization energy”, and thus to an increase of
the half-life [112]. Quantitatively, this increase can be expressed by a hindrance factor HF = T,y (exp)/Tee, where
Tss(exp) is the experimental half-life and T, the unhindered half-life, usually taken as the geometric mean of the
half-lives of the neighboring even—even nuclei.

While the effect of fission hindrance itself is well established, it remains an open story whether there is any
dependence on spin and fission-barrier height. It was suggested, that the fission-barrier height should be effectively
lower for isotopes with an unpaired nucleon in a low-spin single-particle state [50]. This argument was applied
for example in the case of the configuration assignment for a short-lived single-particle state undergoing fission
in 24°Md [46]. This idea was confirmed later in the studies of 24"Md concerning the 1/27[521] isomer [23, 24].
However, the recent debate on different isomer decay schemes for 2°3Rf [72, 84, 113] shows the relevance and a
need of clarification for a possible quantum mechanical origin of fission hindrance. Besides the spin value itself,
the pairing, the slope of the relevant single-particle orbitals and their consequent crossings along the path to the
scission point might play a significant role in influencing the fission probability.
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In odd—odd nuclei with an unpaired proton and an unpaired neutron, both nucleons have to keep their angular
momenta, leading to even higher hindrance factors than obtained for odd-mass nuclei. Consequently, only very
few cases of SF' of odd—odd nuclei are known. For a more exhaustive discussion, see [8].

For K isomers, where pairs of nucleons are broken and the nucleons are excited into different levels, the situation
resembles that in odd—odd nuclei, i.e., a strong hindrance of SF can be expected. So, far, only for two cases, 2°"Fm
[68] and 254mNo [78] spontaneous fission was observed. In some nuclei (?**Rf, 2°°No), two fission activities were
observed, with the shorter-lived one attributed to the ground-state decay and the longer-lived one to the decay of
the isomer. In all these cases, however, it was shown, that the isomer decays by internal transitions into the ground
state, which then undergoes SF. Following these results, the HF of the K-isomer in 2°°No, previously assumed to
have a dominant fission branch [42], was suggested as HF > 10% [41].

To obtain information about the fission hindrance of K isomers, F.P. Heflberger et al. [78] performed for the case
of 254m1,m2Ng some basic calculations to estimate fission half-lives of these isomers. The calculations were based on
the empirical description of fission half-lives suggested by V.E. Viola and B.D. Wilkins [114]. The estimated fission
hindrance factors were ~ 1370' for the two-quasiparticle state 2>*™!No and 2, 3.2x10° for the four-quasiparticle
state 24m2No. In a later study by J. Khuyagbaatar, a significantly shorter theoretical half-life of 0.94 ms for
254mINo was estimated [115], leading to the hindrance factor around 1.4 x 10°. The hindrance factor reported
in [78] seems significantly lower, possibly due to the use of a too low value for the barrier curvature energy. It
should, however, be noted that barrier curvature energies calculated, using the modified Viola-Wilkins description,
depend not only on the fission half-lives but also on the model-dependent fission barriers, resulting in a quite
different barrier curvature energies and, hence, in quite different hindrance factors. A more exhaustive discussion
of the problem was recently presented by F.P. Heflberger [116]. In a recent study, A. Lopez-Martens et al. [113]
did not observe fission events that could be attributed to the decay of 224™!No. They obtained an upper limit of
2.26x 1072 for the fission branch of 2°4™1No, meaning that fission hindrance is even at least an order of magnitude
higher than discussed above.

Considering this last result, one can conclude that fission of 254" No is more hindered than typically for nuclei
with one unpaired nucleon. A comparison with odd-odd nuclei is hardly possible, as there are only two cases of
odd-odd nuclei where direct fission is reported, 252Db (a less certain case) and 26°Md. In the case of 262Db, a quite
low hindrance factor (HF ~ 3250) is obtained; while for 26°Md, a quite high value (HF =~ 9.2x10®) is obtained (see
ref. [8]). Thus, one may conclude that the fission hindrance of the two-quasiparticle K isomer (with two unpaired
nucleons) indeed rather resembles the case of odd—odd nuclei with each, one unpaired proton and neutron. At
present state, such a conclusion is indeed still somewhat speculative and more experimental information, as well
as efforts from theory, are required to calculate fission half-lives of K isomers. However, it is evident, that the
hindrance of spontaneous fission might play an important role in the synthesis of new isotopes and elements, where
the border of stability was reached due to the extremely large fission probability. An example, where the fission
dripline was reached is the region of short-lived rutherfordium and nobelium isotopes with half-lives as low as a
few 10 us [42, 117]. However, as will be shown in the next section, multi-quasiparticle K isomers might provide a
stabilization effect also for other decay modes [98].

For a more detailed discussion, see the contribution on hindrances to the o decay and fission of high-K isomers
by R. Clark to this special issue.

5.2 Alpha-decay hindrance for K isomers

The hindrance factor for a decay is very sensitive to the change in nuclear structure between initial and final
states. However, there have been very few cases studied for multi-quasiparticle isomers until now. Some examples
can be found in even-even isotopes. One of the cases is the a decay from 2°4™!No. The a decay of the high-K
isomeric state to the ground state or any low-spin low-energy state would require a significant change of angular
momentum. For example, a decay from the K isomer with K, J = 8 to the ground state, having K, J = 0, the
AL =8 would cause a significant increase of the effective barrier which would strongly hinder such a decay. On
the other hand, the « decay could rather populate any matching state of the g.s. rotational band and proceed
via de-excitation through the rotational band toward the ground state. However, besides the increased hindrance
due to the change of the angular momentum, and thus the effective increase of the barrier, there is an expected
influence on the preformation probability of the « particle. Such a decrease in preformation probability could lead
to an additional hindrance from a few tens to a few thousands [118]. Other examples of a-decaying K isomers are
with 256Hs and 27Ds the heaviest nuclei for which this type of meta-stable states has been observed [22, 60]. Also,
here, we would refer to the contribution on hindrances to the a decay and fission of high-K isomers by R. Clark
to this special issue, for a more detailed discussion.

1'We realized a typo in our publication [78]; the hindrance factor for spontaneous fission of ?**™!No should rather be HF
~ 1370 instead of HF ~ 370.
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6 Outlook and opportunities at future facilities

The success of nuclear structure studies and, in particular, the investigation of isomeric states for the heaviest
nuclei relies on the major instrumentation, necessary to perform this type of investigations: high-intensity heavy-
ion accelerators, and efficient and selective separators combined with comprehensive particle and photon detection
systems. High beam intensities require additional effort for target development to make them withstand the
increased energy deposit [119].

There is a variety of such installations available at accelerator facilities worldwide. Some of the research teams
focus on the quest for the discovery of new elements following traditional pathways, e.g., at the gas-filled separators
DGFRS [120] of FLNR/JINR in Dubna, Russia, or GARIS at RIKEN in Wako, Japan [121]. Other facilities have
changed their focus to novel techniques like ion traps for high-precision mass measurements and laser spectroscopy
like the velocity filter SHIP of GSI/FAIR, Darmstadt, Germany. Nuclear spectroscopy, in-beam and, in particular,
decay spectroscopy after separation (DSAS), needed for the investigation of meta-stable nuclear states in SHN
is presently being performed at installations like the mass spectrometer FMA [122] and the gas-filled separator
AGFA [123] at ANL in Lemont, IL, U.S.A., RITU [124] at the cyclotron laboratory of the University of Jyvaskyla
in Finland, the gas-filled separator BGS equipped with the FIONA mass separator at LBNL, Berkeley, CA,
U.S.A. [125], the gas-filled separator TASCA at GSI/FAIR [126] and the velocity filter SHELS at FLNR/JINR,
Dubna, Russia [127].

The major aim of future facilities aiming at SHN research is dictated by the ever lower cross sections for the
investigation of ever heavier systems both, in terms of the synthesis of new heavy elements as well as for extending
nuclear and atomic structure studies (in-beam and DSAS). The detailed knowledge of atomic and nuclear properties
like binding energies, ionization potentials and atomic excitation levels, as well as the single-particle and collective
nuclear excitations, are essential for a successful progress toward the eventual localization of the next proton and
neutron shell closures. But the foremost important aim is the understanding of the strong interaction, promising a
detailed insight into fundamental physics. As the first of the next-generation high-intensity stable beam facilities
the SHE-factory of FLNR/JINR with the new gas-filled separator DGFRS2-2 [128] has started operation recently,
while there are two other installations aiming at similar performance. While the HELIAC project of GSI/FAIR
is still in an early stage with the first components being tested, the SPIRAL2 LINAC at GANIL has started
operation of its first phase being limited for the highest intensities to projectile masses A < 40. The second phase
with the new injector NEWGAIN [129] will then provide the highest intensities for all ions and together with the
separator-spectrometer set-up S® [130] will be one of the worldwide most competitive facilities for the investigation
of SHN. S? will be equipped with the detection array for Spectroscopy and Identification of Rare Isotopes Using
S3 (SIRIUS) as well as the S Low Energy Branch (S* LEB) [131] offering tools for laser spectroscopy, mass
measurement and the set-up for laser/trap-assisted DSAS SEASON.

The results for the heaviest nuclei discussed in this review indicate the possible benefit of accessing extremely
short lifetimes and the finest energy differences. These new experimental setups with their improved performance
are, therefore, expected to have the potential to reach quantum features at the extremes of spin, lifetime and
excitation energy.
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