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Abstract Fission is the one of the primary radioactive
decay modes for the heaviest nuclei and ultimately deter-
mines the existence of the heaviest elements on a macro-
scopic time scale, e.g., > 1074 s. The present experimental
data on the decay properties of the heaviest nuclei with pro-
ton numbers 102—118 and/or of neutron numbers up to 177
show that fission occurs occasionally. This confirms that shell
structure plays an essential role for their stability against fis-
sion. The shell effect on fission manifests in both collective
and single-particle ways, which can experimentally be stud-
ied in decays of even—even, odd-A and odd—odd nuclei. At
the same time, high-K states formed in couplings of quasi-
particles are also known to be stable against fission. However,
detailed knowledge and theoretical descriptions on a retar-
dation effect/strength of high-K quantum number on fission
are still scarce. In the present work, fission from high-K
states are discussed and described within the semi-empirical
approach. Fission half-lives are calculated for various high-
K states, which have been theoretically predicted to exist
in Fm-Rf (Z = 100-104) and Hs-Ds (Z = 108-112). The
results are found to be in line with the available experimental
findings, and also leading to different intriguing predictions,
e.g., high-K states in superheavy nuclei tend to be more sta-
ble against fission compared to their ground states.

1 Introduction

Fission, in which a heavy nucleus splits into smaller frag-
ments is a complex process having dynamical and statistical
natures, where a large number of internal degrees of freedom
are involved [1-3]. The most stable configuration of a nucleus
against fission is its ground state, where no excitation energy
is available. Fission probability increases greatly as a func-
tion of excitation energy, which usually spreads over intrinsic
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excitation modes (e.g., rotational, vibration and single parti-
cle levels). Fission was experimentally observed and studied
in 1930’s [4,5] from the decay of such an excited nucleus,
and only properly interpreted in 1939 [6,7]. One year later,
the spontaneous fission (SF) from the ground state of pri-
mordial nucleus was discovered [8]. Since then, the essential
impact of fission on the stability of heavy nuclei has been
understood [9].

In the classical representation of the atomic nucleus as a
structureless charged nuclear liquid drop [7,9], which con-
sists of Z protons and N neutrons, heavy nuclei with, e.g.,
Z > 100 would be unstable against fission on a timescale
of < 10~ s, which is often expressed as a lower limit (i.e.,
isotopic border) for the existence of an atom [10]. However,
it turned out that nucleons occupy quantified discrete orbitals
inside the nucleus. This shell structure of nucleons has a great
impact on fission in both collective and single-particle ways.

A collective effect appears on the potential energy surface
of anucleus by the changing shape and height of the potential-
energy barrier [11,12], which results in an increased stability
against fission. Understanding of this property led to the pre-
diction of the superheavy nuclei (SHN) [13] with Z > 103
[14], which can exist on a timescale much longer than 10~ 14
[15-18].

Presently, the heaviest nuclei with proton or neutron num-
bersupto Z = 118 or N = 177 are known. Their half-lives
are found to be in the range of 107°-10° s [19,20]. This
indicates that a limit for the existence of superheavy atomic
species is not yet reached. At the same time, the possible
existence of SHN with very long half-lives that may lead to
naturally occurring superheavy elements is still under ques-
tion. However, the presently available experimental fission
data show that the single-particle nature of the shell structure
can greatly enhance the fission stability in addition to the
‘collective’ effect [21].

The effect of a single proton and/or neutron occupying
the outermost orbitals in odd-A and odd—odd nuclei can be
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seen in their experimental SF half-lives, which are signifi-
cantly longer than those in the neighboring even—even nuclei
in which all its nucleons are paired and thus have a total
spin of zero [22]. Indeed, theoretical descriptions for such a
single-particle effect on the fission exist [23-25]. However,
the predictive powers of theoretical descriptions on SF half-
lives of odd-A and odd—odd nuclei still need to be improved.

Furthermore, single-particle effects on fission can appear
in the cases of even—even nuclei when there is excitation
energy and deformation. This can occur when nucleons from
a broken pair are again coupled but from different single-
particle orbitals [26]. A configuration formed in such a cou-
pling, which is referred as a multi-quasiparticle (qp) state
may result in a large total angular momentum (hereafter: a
total spin) and projection onto the symmetry axis. The latter
value, which is usually expressed as a K quantum number
according to the Nilsson notations [27], is the sum of each
total spin projection of the involved single-particle orbitals.
Such high-K states are located at certain excitation energies
which should favor direct fission, however, are nevertheless
known to be stable against fission and exist as isomeric states
in many heavy nuclei [26,28-31]. One should note that such
multi-qp states with high- K can be populated and experimen-
tally studied in even—even, odd- A and odd—odd heavy nuclei,
which can be synthesized via fusion-evaporation reactions
[19,20,31-34].

Fission stability of a high K-state is the one of long-
standing and demanding topics in both experimental and the-
oretical research in the region of heavy nuclei [30,35-39].
Earlier theoretical works anticipated that high-K states can
be extremely stable against fission by having partial half-lives
much longer than their ground states [35]. However, it was
predicted to occur only in the region of heavy nuclei around
Z =100 and N =152, e.g., in 250Fm and 25*No, where K -
isomeric states were known at that time. However, the exper-
imental observations of direct fission from K -isomeric states
in 2°Fm [40] and *No [41] with partial half-lives shorter
than those for the ground states did not confirm the above
theoretical prediction. On the other hand, these findings were
diverging only slightly from the theory, because such a weak
effect of the high-K number on the fission stability was also
anticipated to occur but in heavier nuclei [36]. Accordingly,
theory and experiment did not provide the promise to observe
ahigh-K isomeric state in SHN, which could live longer than
its ground state.

The situation has since been changed with the experimen-
tal observation of a long-lived o-decaying K -isomeric state
in 279Ds [42]. A theoretical problem of the fission stability
of high-K states has been reconsidered [28]. Furthermore,
experimental observations of long-lived K-isomeric states
decaying by electromagnetic transitions in 2°No [43-46]
and *Rf [47], and by «-particle emission in 266 [48],
reveal the great impact of a high-K number on fission. Exact
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gp configurations of these states are scarcely known, and
are occasionally assigned with theoretical inputs [28,49-51].
Nevertheless, from these cases, one can conclude that the
nucleus can be very stable against fission at a relatively high
excited state, if the K number is high. However, direct fission
of these states is yet to be observed experimentally, which
sets a limit on the estimation of the fission-stability gain com-
pared to their ground states.

Overall, despite great experimental and theoretical efforts
on the study of K -isomeric states in heavy nuclei [25,35-39],
understanding of the effect of a high- K number on fission and
on the stability of an excited state remains incomplete. As a
consequence of this circumstance is then a lack of theoreti-
cally calculated fission half-lives for many high-K qp-states,
which were theoretically predicted to exist in SHN.

The present work aims at calculating the fission half-lives
for various theoretically predicted high-K states in even—
even SHN. To reach this goal, the problem of fission from
high-K states is discussed and described within a recently
suggested semi-empirical approach, which is based on a
semi-classical theory of fission by Hill and Wheeler. The
novelty this semi-empirical approach brings is an account of
fission-barrier shape, which has been previously successful
indescriptions of the electron-capture delayed fission process
[52] and the spontaneous fission of the ground-state [53] in
heavy nuclei.

2 Stability of high-K states against electromagnetic
transitions

The stability, i.e., half-life of a multi-qp state having a high
spin, a high K quantum number, and located at a certain
excitation energy is well studied in the region of medium-
mass and deformed nuclei [26,30]. Fission probabilities of
such nuclei are negligibly low not only at their ground states
but also at their excited states with energies up to several
MeV below which most of the high-K states occur. Hence,
their instabilities are determined mainly by electromagnetic
decays; y -ray emission and internal conversion. These are the
common de-excitation modes for all intrinsic excited states,
which have either low K, or K = 0. The electromagnetic
transitions with different multipolarities that occur between
such states remove the excitation energy and angular momen-
tum (if available) [54]. In the de-excitation of a high-K state,
the y-transition should also remove/lower an initial high-K
quantum number. This has an effect on the decay rate of a
y -transition, which becomes retarded compared to one with
AK = 0.

Commonly, a retardation effect that takes a place in any
radioactive decay (e.g., electromagnetic and « decay) is stud-
ied by extracting the so-called hindrance factor. The hin-
drance factor is defined as a ratio of the experimental (hin-
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dered) and calculated (unhindered) half-lives of a radioac-
tive decay. The calculated value can be taken from either an
empirical expression or pure theoretical calculation, but in
both cases a retardation effect is not accounted for yet.

In the case of electromagnetic decays of high-K states,
theoretical half-lives for y-transitions without a retardation
effect caused by AK > 0 from Weisskopf is used. Accord-
ingly, the effect of a high-K quantum number on the decay
rate of the electromagnetic transition is expressed via the hin-
drance factor defined as a ratio of half-lives from the exper-
iment and the Weisskopf estimate. Indeed, the experimental
half-lives of high-K states are longer than the ones given by
Weisskopf, which reveals their isomeric nature [31].

The electromagnetic decay of a high-K state can pro-
ceed by different de-excitation paths in which an initial K
value will be reduced by different amounts, A K . This occurs
because in the deformed nucleus large number of low-lying
excited states with either K = 0 or low-K are available.
Each y-transition removing a particular AK is characterized
by its own partial half-life and the hindrance factor. Decades
ago, a well pronounced relation between the AK and its
corresponding hindrance factor (Fg) had been recognized
[55,56]. This relation expressed as log(Fx) ~ AK is com-
monly used for a description of the experimental data from
which the semi-empirical expression for the estimate of Fx
is extracted. Such a semi-empirical fit is still used for the
interpretation of the experimental data.

3 Definition of fission-hindrance for an excited state
with a high-K configuration

In the case of high-K states in the heaviest nuclei, in addition
to the electromagnetic transitions, one should also consider
other types of radioactive decay modes such as a-particle
emission and fission [28]. Compared to the electromagnetic
decay, fission will not remove/release a partial AK value.
Thus, an initial high-K value can be considered to be con-
served until the collective motion of nucleons that initiate
fission will alter it. In other words, a nucleus’ shape evo-
lution along the axial symmetry axis is frozen for a while
because of a high-K quantum number. Hence, the effect of a
high-K gp-configuration on fission can straightforwardly be
expressed by its absolute value, i.e., AK = K.

A retardation effect of fission caused by high-K value
often discussed by comparing the fission half-lives of a high-
K state and the ground state [30,37]. To some extent, this
has a theoretical basis, where both values can be calculated
[35-37]. Experimentally, only two cases in which such a
“hindrance factor” can be extracted are known. Thus, the hin-
drance factor “defined” in this way is ineffective for discus-
sions for the majority of experimental data on the K -isomeric
states. Therefore, it is preferable to introduce a differently

defined fission hindrance that can firmly quantify the effect
of high-K and can be useful for discussing the experimental
data.

Let us express the fission hindrance, Fy(K), in a simi-
lar way as any other hindrance factors that are used in the
radioactive decays, i.e.,

T;x” (J,K)

Fgp(K)= ———
H( ) T;al'(.],())

ey

where T;xp (J, K) is the experimentally measured fission
half-life of an excited state (E*) formed from the coupling of
a multi-qps with a total spin of J and a quantum number of
K. Furthermore, for simplicity, we will use these variables
without their units (7, reduced Planck constant). T;“l “(J,0)
is the theoretical half-life calculated for a state with spin J
and an excitation energy of E™*. This is the same state as
high-K, but with K = 0. In this regard, such a hypotheti-
cal state can be interpreted as being an intrinsic high-J state
with K = 0, which are common and of frequent occurrence
in deformed nuclei. Now, one needs to calculate the fission
half-life for such an excited state.

4 Theoretical description of the fission process and its
probability

Modern theoretical approaches describe fission as nuclear
shape evolution on the multi-dimensional potential energy
surface for which calculations involve a large number of the
internal degrees of freedom. In such a treatment, the fission
half-life is extracted by calculating an action integral for a
particular path on potential energy surface that leads to fis-
sion [57]. However, despite such an expansive knowledge
and description of fission dynamics [3], the predictive powers
of theoretical calculations for various fission-related observ-
ables (e.g., half-life) remain to be improved. More impor-
tantly, theoretical approaches do not provide any calculated
result, which can be taken as aforementioned unhindered fis-
sion half-lives.

An alternative solution can be found in the classical the-
oretical approach, where the fission probability is calculated
as a transmission over/through an inverted harmonic oscil-
lator, i.e., a parabolic-shaped barrier introduced by Hill and
Wheeler [9]. Let us briefly provide a reminder on the main
concept of this classical approach.

In the first theoretical model, where fission was described
as a collective motion of nucleons in which the shape of
the nucleus evolves from a sphere to an elongated shape, a
potential energy barrier for the fission process was introduced
[7]. Since then the fission barrier is commonly expressed
as its height and shape, and these became the main quanti-
ties for the description of the fission process in a particular
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Fig. 1 Schematic illustrations of evolution of the fission-barrier shapes
from double-hump to single-hump. Dashed curves demonstrate approx-
imate parabolic barriers with heights of By and widths of (hiw)sF for a
description of the spontaneous fission. See text for details

nucleus. With such a barrier, the theoretical calculations of
fission-related quantities (e.g., SF half-life, Tsp) of the atomic
nucleus became possible within the framework of liquid drop
model (LDM), where the fission-barrier shape was described
by a parabola [9].

The fission probability according to Hill-Wheeler is
expressed as

T ~ {1 + exp[2n(Bs — E*)/hw]} ", 2)

where 7w is the curvature energy which quantifies the width
of the parabolic barrier (see Fig. 1) and By its height.

The relation between the fission half-life, ¢, and trans-
mission coefficient can be taken as;

T;“’~ = In(2)/(nT), (3)

where 7 is the frequency of barrier assaults (w/2m) for the
nucleus undergoing fission, which is associated with Zw. A
value for n can be derived from the width of the thermal
neutron resonances as described in Ref. [58], and taken as
1014 =1,

Despite the great success of the LDM, it has failed to
explain some experimental observations on the fission pro-
cess. Those deviations have been elucidated by introducing
nuclear shell effects into the LDM [11].

As a result of this merger, the shell structure has been
found to greatly impact the shape evolution of the nucleus
(see Ref. [17] and references in there). For instance, the fis-
sion barrier along the elongation axis does not have a single-
hump as the LDM predicts, but rather, more complex shapes,
e.g., double-hump (see Fig. 1) [11,12,17,18,59].

Hence, the calculation of fission probability, i.e., Ty over
the multi-humped barriers became a challenging problem in
quantum mechanics for which various solutions have been
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Fig. 2 Extracted SF barrier widths [53] for the approximate parabolic
barriers with the calculated heights from the FRLDM [59] as function
of the fissility parameters of nuclei, Z2/A. A fit to these data is shown
within a 68% prediction level. A horizontal line indicates a (fiw)sr
value at 1.42 MeV above which no outer barrier would exist. See text
for details

suggested [12] (see references in there). However, the main
issue for obtaining a reasonably good prediction for the
experimental Tsp is not primarily a matter of how the pen-
etrability is being calculated, but rather how well the height
and shape of the fission barrier are calculated.

It is worth noting that the fission-barrier heights in the
heaviest nuclei are often extracted from the experimental
fission related observable by using a particular theoreti-
cal description. Therefore, an adequate comparison of the
“experimental” fission-barrier heights with theoretically cal-
culated ones is often impossible [3].

Nevertheless, the initially suggested one dimensional fis-
sion barrier with a certain height and shape is still valid for
description of the fission process in nuclei within wide ranges
of Z and N. Moreover, the results from modern theoretical
calculations in which fission is described by all possible path-
ways on the potential energy surface towards the scission
points are often represented by a one dimensional fission
barrier (e.g., fission-barrier height).

Presently, fission-barrier heights calculated within vari-
ous theoretical approaches are available. This circumstance
enables a broad application of the Hill-Wheeler expression
for descriptions of various quantum penetration processes in
nuclear physics, such as the fusion of two colliding nuclei
[60] and the nucleosynthesis r-process [61].

Recently, this classical approach has been successfully
used for descriptions of the probability of the electron-
capture delayed fission [52], and SF half-lives [53]. A nov-
elty brought for this approach was the semi-empirically esti-
mated fission-barrier shape. Let us now attempt to calculate
the unhindered fission half-lives within this new approach.
For this, one has to consider the results obtained in those pre-
vious works, which will be discussed the following sections.
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4.1 The spontaneous fission half-lives and barriers

Experimental data on the fission of heavy nuclei show strong
variations of fission-barrier height and shape as functions of
both Z and N. The double-humped fission barrier, which is
strongly pronounced in nuclei with Z ~ 90—94 is theoret-
ically predicted to become a single-humped in nuclei with
Z =104[17,62,63].

In Fig. 1, such a transition of the fission-barrier shape is
shown schematically. Spontaneous fission from such differ-
ently shaped barriers can be approximated and described by a
parabola, which represents a single hump, as shown in Fig. 1.
In all cases, the heights of parabolic barriers, Bs, correspond
to the height of the inner barrier. Since the nuclear motion
for SF passes over all possible structures on the shape of the
fission barrier, which characterizes a total/main fission path
on the potential energy surface [18,57,59,64], the lowering
of the outer-barrier height relative to the inner-barrier can
be represented by a parabolic barrier with a narrower width.
Accordingly, by describing the experimentally measured SF
half-lives of the heaviest nuclei with Egs. (2) and (3), and with
theoretically predicted By values, the curvature energies, i.e.,
barrier widths can be extracted as done in Ref. [53].

The extracted curvature energies for SF, (iw)sr, of
approximate parabolic barriers with By from the most com-
monly used finite-range liquid-drop model (FRLDM) [59]
are shown in Fig. 2 as a function of the fissility parameter,
VA /A [7,22,58,65]. A well pronounced linear trend is fit
using the following equation

(hw)sp = 0.14025 x Z*/A — 4.6335. 4)

This finding, i.e., a linear trend can be explained within the
parabolic-shape approximation sketched in Fig. 1. The lowest
values in Fig. 2 corresponding to Cm (Z = 96) isotopes indi-
cate broader parabolic barrier shapes, which approximately
describe the experimentally known multi-humped barriers.
On the other hand, larger (hiw)sr values in heavier nuclei
implies that the barrier shape becomes narrower, which can
be explained as a decrease of the outer-barrier effect (see
Fig. 1).

The majority of theories predict a single humped fission
barrier for 2°Rf [17,62,63], thus its (hw)sr = 1.42 MeV
value shown in Fig. 2 can be regarded as a benchmark for
nuclei without an outer-fission barrier. Most of the SHN
showninFig. 2 have (fiw)sr> 1.42 MeV, which suggests that
their barrier shapes are likely to be single-humped. Hence, the
parabolic shaped barrier appear to be a well-justified approx-
imate for a description of fission in SHN within the present
semi-empirical approach with fission-barrier heights from
FRLDM.

On the other hand, (iw)sr values in Fm-Rf isotopes,
in which most experimental data on K-isomeric states are
known, are less than 1.42 MeV. Thus, in these nuclei the

— (1) =076 MeV
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N (7o) ;=1.34 MeV
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Fig. 3 Schematic illustrations of the ECDF process in 2*3Es. Theo-
retical QEC(248 Es) and fission barrier heights (in MeV) for 28Cf were
taken from [66] and [64], respectively. The double-hump structure of
the fission barrier is highlighted by the solid lines. Parabolic barriers
with By = 7.24 MeV and with differently extracted widths are shown by
dashed curved lines. The widths deduced from the SF half-life of 248Cf
and of the ECDF probability of 2*3Es are denoted as (fiw)sr (a) and
(hw)err (b), respectively. The calculated Pgcpr values corresponding
to these two different barriers are given. Dashed arrows mark a passage
‘over’ the parabolic barriers. See text for details

effect of the outer barrier could still be significant, but pri-
marily for fission from the ground state. Regarding high-K
states, which lies at excitation energies about/above 1 MeV,
however, the situation may be a different.

A common impact of excitation-energy and outer-barrier
effects on fission has been recently investigated in the
description of the electron-capture delayed fission (ECDF)
process within the approximate parabolic barrier approach
as introduced above and applied in this work.

4.2 Fission from excited states: electron-capture delayed
fission

An example of ECDF in **3Es is shown schematically in
Fig. 3. After the EC decay of **3Es (Qgc =2.98 MeV accord-
ing to finite-range droplet model [66]), excited states (up to
2.98 MeV) in 2*8Cf are populated, and a portion of them may
undergo a direct fission instead of populating the ground state
via electromagnetic transitions. Most of these excited intrin-
sic states have either K ~ 0 or low K. The theoretical fission-
barrier structure for the ground state of >*3Cf according to
the FRLDM [59] is also shown in Fig. 3a. The penetration
over such a double-humped fission barrier is approximated
by a parabolic barrier with a height taken from the FRLDM.

A curvature energy of (hw)sr = 0.76 MeV was extracted
from the experimental SF half-life of 2*3Cf [67] according
to the above discussion (see also Fig. 2). With a curvature
energy of 0.76 MeV, the ECDF probability is calculated to
be only 6x10~1% [52], which is negligibly small compared
to the experimental value of 3.5 x 10~° [68].

@ Springer



243 Page 6 of 15

Eur. Phys. J. A (2022) 58:243

A solution for this ambiguity was found by suggesting
that the outer barrier does not have a large effect on fissions
from excited states. This means that the effective parabolic
fission barrier, which is relevant for ECDF is narrower than
the one for SE. With such an assumption, an effective cur-
vature energy of (Aiw) r = 1.34MeV was then extracted from
the experimental ECDF probability of 3.5x107° [68], and
was attributed to correspond mostly to the inner-barrier width
(see Fig. 3b). With such a parabolic barrier, all known ECDF
probabilities were successfully described in Ref. [52], and the
impact of the fission-barrier shape on fission from excited
states has been revealed. Moreover, a further narrowing of
such an effective barrier, i.e., (hw) f >1.34 MeV was noticed
to take place in heavier nuclei, e.g., at least in Fm isotopes.
This is the same conclusion, which was derived from the
above-analysis of SF half-lives of all known even—even nuclei
(see Fig. 2 and Ref. [53]).

In cases of K-isomeric states, typical excitation energies
(e.g., 2-gp states have ~ 1 MeV) are smaller than in cases
of ECDF (e.g., < 3 MeV in 248Cf). Therefore, in Cf iso-
topes, the outer barrier may still have an effect on the fission
probability of high-K states, which may require the use of
(hw)r < 1.34 MeV. However, by considering the above-
mentioned further narrowing of an effective barrier in Fm
isotopes [52], and of SF barriers in heavier nuclei, one can
conclude that (7w) y = 1.34 MeV can still be used efficiently
for a description of fission from excited states of even—even
nuclei, of elements heavier than Cf/Fm; but only in cases
where the corresponding (Zw)sF is less than 1.34 MeV.

Finally, we have established all of the necessary ingre-
dients for the calculation of unhindered fission half-lives of
high-K states in nuclei with Z > 100 based on Egs. (2)—(4).

1. Fission-barrier heights are taken from FRLDM [59].
2. Curvature energy of a parabolic fission barrier is taken
as:
—(hw)r = 1.34 MeV for (hw)sr < 1.34 MeV
—(hw)y = (hw)sF for (hw)sr > 1.34 MeV (see Eq. 4)
3. Excitation energies and gp-configurations of high-K
states can be taken from experimental data and/or the-
oretical predictions.

5 Extraction of the experimental fission-hindrance
factors

Now after being able to calculate the unhindered fission
half-life, we can extract the fission hindrances in the cases
of K-isomeric states, where their direct fission is known.
Such cases are known only in 2°Fm and 2*No, where
well-assigned K™ = 7~ and 8~ states have T;x” 7 =
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Fig. 4 Schematic illustrations of fission from K-isomeric states in
256Fm and 2>*No. Experimental K7, excitation energies and fission
half-lives of these states are taken from Refs. [40,41]. Parabolic bar-
riers with theoretically calculated heights from Ref. [59] and (7w) r
= 1.34 MeV, which are used for calculation of unhindered fission half-
lives of from excited states are illustrated by dashed curves. Unhindered
fission half-lives from high-K states are given. Dashed arrows mark a
passage ‘over’ the parabolic barriers. See text for details

8¥53% x 107% s, [40] and T;*(8) = (1.33 £0.8) x 10° s,
[41], respectively. '

In Fig. 4, schematic drawings for fission of these two K-
isomeric states over effective parabolic fission barriers are
shown. The experimental and theoretical data on the K-
isomeric states and fission barriers are also given. In both
256Fm and 2%*No, the ground-state SF half-lives are mea-
sured. This results in extracted (hw)sg values of 0.77 MeV
and 0.99 MeV, respectively, which are less than 1.34 MeV. As
stated above, their effective parabolic fission-barrier widths
for a description of unhindered fission half-lives can be taken
as (hw) r = 1.34 MeV.

Then, by using Egs. (2), (3) and the barrier heights from
FRLDM [59], unhindered fission half-lives of 2.2x 1077 s
and 9.4x10~* s were calculated for the 7~ and 8~ states,
respectively. These values and the experimental fission half-
lives of these K -isomeric states result in Fg(7) = 3.6 x 103
and Fy (8) = 1.4 x 10° for 2°Fm and 25*No, respectively.

Thus, we extract fission-hindrance factors in a similar
manner as for electromagnetic decay. This enables an exam-
ination of strength of the K -hindrance on fission via a search
for a relation between log(Fy (K)) and K.

5.1 Fission-hindrance factor dependence on K number

Extracted two hindrance factors are plotted in Fig. 5 as a func-
tion of AK. As we have agreed, fission hindrance of a high- K
state formed in qp couplings can be quantified by a single AK
value, which is equal to an initial K. These values show a lin-
ear dependence between log(Fy) and K despite their large
uncertainties. The K value in 2*No leads to a larger F; com-
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Fig. 5 Experimentally extracted fission-hindrance factors as function
of AK . Presently estimated values for K isomeric states in 2°Fm and
254No are shown together with hindrance factors that are suggested to
originate from a AK = 3 change in the single-particle orbitals in 23Rf
[69] and 2*7Md [70]. A linear fit of the data points for 256Fm and 2*No
and the boundary point is shown within a 68% prediction level. See text
for details

pared to the one for lower K state in 2>°Fm, which seems
to be reasonable. Only two data points are insufficient to
draw a conclusive dependence, i.e., a linear function between
log(Fp) and K values. However, one can use a boundary
condition from the fission-hindrance definition. In Eq. 1, by
default F7 (0) isequalto 1 orlog(Fg (0)) = Obecause fission
from intrinsic excited states have no hindrance. This normal-
ization provides an additional “data point” that can be used
in a linear-fit of two experimental points. The fit results in
a function of log(Fy) ~ 0.656 AK. Observation of such an
exponential dependence between the fission-hindrance fac-
tor and K is in fact not accidental because any radioactive
decay has an exponential time distribution, which defines
its decay rate and stability. As an example, such relation is
known in the case of electromagnetic decay of the high-K
states [55,56].

The above fit, indeed, has a large uncertainty, which is
mainly due to uncertainties on the experimental fission half-
lives of K isomers. For a more refined definition of fit-
parameters, more precise experimental data are necessary.
However, experimentally, this is very difficult to achieve due
to low production yields of heavy nuclei, which require long
experiments with high intensity heavy-ion beams running
under low fission-background conditions [37,40,41]. Never-
theless, attempts are still making [33,46]. Furthermore, in the
near future, it is unlikely that new data points with lower or
higher-K will be added in Fig. 5. Therefore, despite scarce
experimental data, the presently suggested semi-empirical
estimate can be useful for discussion and understanding of
the high-K hindrance on the fission stability of SHN.

In this regard, it would be interesting to compare the
presently extracted fission hindrance from the K-isomeric
data with that which was recently extracted from the single-
particle configuration [69]. In this work, observations of

direct fissions from two different single-particle states in
233Rf were reported. A ratio of their fission half-lives was
suggested to reveal differences in corresponding effects of
their single-particle configurations. Such a ratio then resulted
in a factor of ~ 330, and considered as an experimental
fission-hindrance value corresponding to AK = 3. Since
both states belong to the same nucleus and are close-lying,
let us take the above value as being Fg(3).

Another such a case was also measured in 24’Md [70],
where the ratio of fission half-lives resulting in &~ 120 and
has been attributed to reveal the fission hindrance caused by
AK = 3. This value is slightly lower than the one measured
for 233Rf. Firstly, this can be due to the limited statistics
of observed fission events, and secondly, may relate with a
fission property of an individual nucleus 4" Md.

These values are plotted in Fig. 5 at AK = 3. Remark-
ably, they lie very close to the linear fit. Within the present
work, we will not discuss this finding in detail. However,
such a similarity of fission hindrances extracted from the K -
isomeric and the single-particle states can be a realistic case
as the former also has single-particle nature.

On the other hand, a completely controversial interpre-
tation for the fission hindrance that was suggested in the
above-mentioned Ref. [69] for 2>Rf was recently given in
Ref. [73]. In this work, fissions from two single-particle states
in 23Rf have also been measured confirming the findings in
Ref. [69]. However, after the analysis of their larger statisti-
cal experimental data, which also contains new findings, the
authors gave different assignments on single-particle states
from which fissions originate. According to this work, a value
of 0.0045 has to be attributed to a fission hindrance caused by
AK = 3instead of the above-mentioned ~ 330. Indeed, this
does not fit into present definition of the fission hindrance.
However, such an interpretation of the experimental data is
extremely interesting (see also discussions on the fission-
barrier shape of 2?Rf made in the next section) because it
contradicts also to the commonly agreed (both experimen-
tally and theoretically) point of view, where a higher J/K
quantum numbers are expected to hinder the fission larger
than a lower J/K [22-24]. The present findings also support
this. Therefore, unambiguous experimental evidence, which
would justify the statement made in Ref. [73] are highly
demanded. One of the new findings in Ref. [73] was the
K -isomeric state in 23Rf. The existence of K -isomer state
with a half-life of 0.66 ms, which is significantly longer than
the ones known in 23*Rf [47,74], °Rf [53,75] and 2°°Rf
[76,77] is in agreement with the present estimates.

In summary, the semi-empirical approach for the estima-
tion of the fission hindrance of a high-K state is suggested.
Now, calculations of fission half-lives of known (by its elec-
tromagnetic and/or « decays), and theoretically predicted
high-K states in nuclei with Z > 100 become possible.
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6 Estimations of fission half-lives of theoretically
predicted high-K qp-states in SHN

As mentioned in the introduction, there are many K-
isomeric states in nuclei with Z > 100, which have been
measured/observed mainly by their electromagnetic and «
decays. Unfortunately, those experimental data often lack
confidently assigned K quantum numbers and excitation
energies, which are necessary for the present calculation of
the fission half-life. The most reliable and comprehensive
experimental data on K-isomeric states have been obtained
only in cases where they can be produced with reasonably
high cross-sections (larger than a few hundreds of nb), i.e.,
only in °Fm, 2°Fm, 2>2No and *>*No isotopes. Many other
experimental data on various K -isomeric states are only dis-
cussed and interpreted by introducing the theoretical calcula-
tions. Therefore, let us take the theoretically predicted high-
K configurations and calculate fission half-lives for them.

Numerous of theoretical works devoted to predictions
of various multi-qp configurations that may exist and be
observed in SHN are available [28,49-51,71,78]. In gen-
eral, they predict the same gp-configurations for a particular
nucleus, but with different excitation energies. This results
in different ordering of high- K states in a particular nucleus,
which may affect the discussion on experimental data. For
instance in Fig. 6, excitation energies of lower-lying 2-qp and
4-gp configurations in No and Rf isotopes from three differ-
ent theoretical predictions [49,50,71] are shown. For com-
parisons, the experimental excitation energies of the known
K -isomeric states are also shown.

As mentioned above, in most cases, an exact configuration
or K value cannot be experimentally extracted, thus, such the-
oretical calculations are extensively involved in assignments
of gp-configurations of the experimental data. Predictions
on the possible gp-states in a particular nucleus primarily
depend on the applied single-particle levels from a particu-
lar theory. In the case of No isotopes with N < 152, the-
ories predict the same 2-qp states as being the lowest-lying
K -isomeric states. Such theoretically agreed upon gp-states
are often used to explain the origin of the K-isomeric states
for which no experimental K -assignments are available. As
an example, the known isomeric state in 2°No (see Fig. 6)
has been suggested to have a qausi-neutron configuration of
V61 (5/27[622] ® 7/27[624]) for decades. Only, recently,
experimental evidence for K = 6 has been observed for this
K isomer [79]. Hence, this confirms that the theoretical pre-
dictions are valid.

In the cases of No-Rf isotopes with N > 152, the situa-
tion is different. As one can see in Fig. 6, several close- and
lower-lying 2-qp configurations with different K numbers
are predicted in 24No (N = 152) and in 2°No (N = 154).
This is related to the well-known shell gap at N = 152.
Once the neutron number reaches 152, then various higher-
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Fig. 6 Theoretically calculated excitation energies of various
2-qp and 4-qp states in even—even isotopes of No and Rf.
These were taken from Refs. [50] (circles), [49] (squares) and
[71] (triangles). Configurations: v6~(7/27[743] ® 5/27[622]),
v6t(5/27[622] @ 7/27[624]), v8[(7/21[624] ® 9/27[734]),
v85 (7/27[613] ® 9/27[734]), v57(9/27[734] ® 1/21[620]),
v4T(1/2%[620] ® 7/2%[613]), w8 (7/27[514] ® 9/27[624]),
777(7/21[633] ® 7/27[514]), 75 (1/27[521] ® 9/2%[624]),
714~ (78~ ® v6), nvl6] (8~ ® v8)), nvl6] (78~ ® v85),
7v13T (75~ ® v85). The experimentally measured excitation energies
of K-isomeric states taken from Refs. [29,72] are also shown by
long horizontal-line symbols. Short horizontal-line symbols drawn at
1 MeV and 2 MeV mark the known 2-qp and 4-qp K -isomeric states,
respectively, but without experimental excitation energies. The first,
second and third isomeric states known in a particular nucleus are
noted by ml, m2 and m3. The arrow marks a lower-limit value for
energy. See text for details

lying single-particle levels close to the Fermi level are avail-
able for couplings of various quasiparticles. Accordingly, this
may limit the use of theoretical predictions to interpret the
experimental data. On the other hand, such theoretical pre-
dictions can be considered as there are multiple 2-qp states
that may exist in a particular nucleus. Experimentally, such
predictions can be confirmed, with one such example being
26Rf (N = 152), in which two different lower-lying 2-qp
K -isomeric states have been observed [76,77].

Four-gp states shown in Fig. 6 lie at excitation energies
larger than 2-qp states, as such couplings require roughly
about double the amount of energy for the breaking of two
pairs and to allocate four unpaired nucleons in different
single-particle orbitals. Occurrences of 4-qp states have been
experimentally observed in 254No [41], 254Rf [47], 25ORf
[76], and recently in 250No [46]. Tt has been found that their
population probabilities in fusion-evaporation reactions, i.e.,
in the de-excitation of compound nucleus, are significantly
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Fig. 7 Excitation energies of theoretically predicted v6T(5/27[622]®
7/2%[624]), w8 (7/27[624] ® 9/27[734]), n8(7/27[514] ®
9/2%[624]) and nleT(n 8~ ® v8)) configurations in even—even iso-
topes of Fm-Rf [50] (left panels). Presently calculated fission half-lives
corresponding to these gp-states are shown in the right panels. The
experimental partial SF half-lives [22] are shown by filled squares. SF
half-lives calculated in the present work are shown by open squares.

lower than populations of lower-lying 2-qp states. Therefore,
the experimental study of 4-qp states is more complicated,
and usually their origins are assigned on the basis of their
decays to lower-lying 2-qp states and/or measured excitation
energies. Nevertheless, theory predicts the existence of var-
ious 4-qp states, which in general may exist but still need to
be determined experimentally.

Now, let us briefly examine impact of the excitation-
energy deviations between theory and experiment on the esti-
mation of the fission half-life. As one can see in Fig. 6, the
experimental and theoretical excitation energies for 2-qp and
4-qp states are in agreement within e.g., about 0.3 MeV. Such
an energy deviation does not have much impact on calculated
fission half-lives of high- K states. As an example, if the exci-
tation energy of the 8~ state in 2%*No is taken as 1.5 MeV
instead of the experimental value of 1.297 MeV, then, the cal-
culated unhindered fission half-life will be 3.6x 10~* s. This
value is still similar (within the one order of magnitude) to
the above-calculated value of 9.4x10~* s with 1.297 MeV.
The fission half-life of this 8 state is mainly determined
by its corresponding Fiy (8) = 10°>*8 (see Fig. 5), which is
much larger than the above two unhindered fission half-lives.
Therefore, energy deviations between the theoretical calcu-
lations, and experimental measurements are not expected to

m2 -
_,—D””!ml v6+
o-

T T T T T
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Neutron number

Experimentally measured total half-lives [29,72] of K-isomeric states
are shown by horizontal-line symbols. Arrows indicate that these are
considered as lower limits for fission half-lives of high-K states. The
isomeric states known in a particular nucleus are noted by m1, m2 and
m3, where the numbers denote their occurrences as a function of the
excitation energy. See text for details

make a significant impact on the estimation of fission half-
lives within the present approach.

In the present work, theoretical predictions from Ref. [50],
where large numbers of various multi-gp states in a wide
range of heavy nuclei are considered.

In the left panels of Fig. 7, excitation energies of three
different 2-qp states, resulting in K = 6 and 8, and one
4-qgp state with K = 16 predicted in Ref. [50] for Fm-Rf
isotopes are shown. Calculated fission half-lives for these
high-K states within the present semi-empirical approach are
shown in right panels of Fig. 7. In order to make a compar-
ative analysis of the fission stability, the measured SF half-
lives of the ground state corresponding to each nucleus are
also given. In the cases of hitherto unknown neutron-deficient
28No (N = 146), ORf (N = 146) and 252Rf (N = 148)
nuclei, SF half-lives were calculated with Egs. (2) and (3) as
described above (see also Ref. [53]). In this region of nuclei,
the fission-barrier shape is suggested to be a very narrow, i.e.,
without the outer barrier. This was concluded on the basis of
very large values of (iw)sp for 20No (N = 148), 2*Rf
(N = 150) and 25°Rf (N = 152), which transcended a com-
mon trend drawn in Fig. 2. Similarly narrow fission-barrier
shapes can be expected in those more neutron-deficient and
hitherto unknown nuclei. Therefore, their curvature energies
cannot be adequately estimated by Eq. 4. Thus, (iw)sr =
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1.82 MeV and 1.69 MeV for 2°No and 2>*Rf are adopted
for those unknown No and Rf isotopes, respectively.

Let us discuss the results shown in Fig. 7 (right panels). In
all Fm isotopes, fission half-lives of the 2-qp and 4-qp states
are smaller than their corresponding SF half-lives. In addi-
tion, they are in agreement with experimental lower limits
for the fission half-lives of K isomers. Absolute values for
these limits were taken as half-lives of K isomers measured
from their electromagnetic decays, thus, they are not strictly
determined limits. A more “properly” extracted lower-limit
value was given in 2°Fm [37]. This lower-limit is about
10526 5, which is much larger than the present results shown
in Fig. 7. However, one should note that this experimental
lower-limit has not been extracted on the basis of unam-
biguously assigned fission events to the decay of K isomer
because of SF from the ground state. Thus, it might have
some uncertainty. On the other hand, the fission half-lives
for Fm isotopes were calculated with (Aw) s = 1.34 MeV,
which could overestimate the fission probability from excited
states. In the case of Fm ground states, SF half-lives are
strongly affected by the outer barrier. Presumably, the outer
barrier still has effect on the fission probability. Meanwhile,
the largest SF half-lives observed for 22Fm and for 2*No are
due to the effect of a significantly large shell gap at N = 152,
which is theoretically predicted to result in an increased and
a broadened fission-barrier height and shape, respectively.

The more pronounced effect of the N = 152 in the cases of
No compared to Fm is seemingly due to the rapidly decreas-
ing SF half-lives of neutron-deficient No isotopes. This can
be explained by strong changes of the fission-barrier shape
in the neutron-deficient No isotopes compared to the cases
of Fm isotopes. For instance, the SF half-life of only 4 s in
20No (N = 148) can be attributed to a negligibly low outer
barrier [53]. As a result of the fission-barrier shape varia-
tions of the ground and excited states, a very interesting fea-
ture in the trends of fission half-lives of high-K and ground
states appears. In neutron-deficient nuclei, fission from high-
K states becomes more stable compared to their correspond-
ing ground states.

Such a behavior is in good agreement with the experi-
mental findings for the K -isomeric state in 22°No. Fission
from this long-lived K-isomeric state decaying via electro-
magnetic transitions with a half-life of & 30 s has not been
observed to date. Nevertheless, this value, which is longer
than its ground-state SF half-life of 4 s, can be taken as a
lower limit. Presently, the estimated fission half-life for the
K = 6 state is longer than the &~ 30 ps. The same is true also
for other two 2-qp configurations, which may exist in 2°No
(see Fig. 7). A direct fission from this K-isomeric state has
been recently searched for, and only a lower limit of 674 s
was given [46]. This is again in line with the presently calcu-
lated value of ~ 2 ms forthe K = 6 configuration (see Fig. 7).
Therefore, we can conclude that the presently calculated fis-
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sion half-lives of high-K states are in reliable agreement with
the experimental observations.

In Rf isotopes, the situation is completely opposite to Fm
cases. Now, high-K states are more stable against fission
compared to their ground states. At the same time, one can
notice that the effect of the N = 152 is not as pronounced as
in the case of No. Furthermore, the outer barrier is predicted
to be negligible in Rfisotopes with N < 153, which results in
shorter SF half-lives. In the cases of high-K states the fission
half-lives are largely determined by great retardation effects
of high-K numbers expressed by large Fg (K) values. Thus,
predicted fission half-lives of these high-K states are longer
than the ones for SF of their ground states.

Finally, in the region of No-Rf, the ground states are pre-
dicted to become no longer the most stable configuration
against fission. Instead, the high-K states are predicted to be
the most stable configurations against the fission. Such an
inversion of stability between the ground and high-K states
is predicted to already be established in Rf isotopes. Fur-
thermore, an inversion of stability is also valid for higher-
lying 4-qp states. Moreover, 4-qp states can be more stable
than the lower-lying 2-qp states, which demonstrate that the
impact of high-K quantum number on the fission is greater
than the effect of excitation energy and/or the ground-state
fission properties. These predictions can firmly explain the
experimental finding on the decay of a 4-qp state in *Rf,
which lives longer than its lower-lying 2-qp state, and also its
ground state [47]. Therefore, the above predictions are again
in agreement with the experimental data.

In Fig. 8, the excitation energies of three different 2-qp
states that result in K = 9 and 10 according to Ref. [50] are
shown. In this region of heavy nuclei, relatively high-spin
orbitals are available around their Fermi levels, and shell gaps
at N = 152 and 162 are not as relevant. Calculated fission
half-lives for these high- K states are shown in the right panels
of Fig. 8 together with SF half-lives for the ground states. In
most cases, the SF half-lives were calculated using Egs. (2)—
(4). All high-K states in these SHN are predicted to be more
stable than their corresponding ground states. In fact, such a
feature is expected since the inversion of stability had already
taken place in the region of No-Rf. Supposedly, this inverted
stability is a common feature of all deformed superheavy
nuclei.

Superheavy nuclei are known to exist at their ground states
only thanks to their shell structure. According to theory, SHN
with Z = 114, 120—126 and N = 184 are predicted to be the
next spherical closed shells above Z = 82 and N = 126. The
closed shell has a great impact on stability of nucleus ([20]
and see references therein). The SF half-lives of such a group
of SHN are predicted to be much longer than the ones in the
surrounding neighboring nuclei, which led in the terminology
“island of stability”. In this regard, a similar “philosophy”
can be applied for a high-K state in deformed SHN, which is
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Fig. 8 Excitation energies of theoretically predicted v9~(7/27[613]®
11/27[725]), v10~(9/27[615]1®11/27[725]) and 7 10~ (9/27[505]®
11/27[615]) configurations in even—even isotopes of Hs-Cn [50] (left
panels). Presently calculated fission half-lives corresponding to these
gp-states are shown in the right panels. SF half-lives calculated by using
Egs. (2), (3) and (4) are shown by squares. The experimental partial SF

presently predicted to be the most stable configuration among
all other intrinsic states including the ground state. The K
states are not on the “ground” but rather they are in the “sky”,
likewise clouds. Thus, they could preferably be called as a
“cloud of stability” against fission. Nevertheless, irregardless
of terminology, the high-K states in deformed SHN may exist
in their own class of many body quantum systems.

The existence of very stable and long-lived high-K states
in SHN will shed light on the nuclear stability-landscape in
the region of heavy nuclei. Regarding to the possible occur-
rence of SHN in nature, the high-K states in the odd-A
and odd—odd nuclei, which are suggestively be more sta-
ble against fission than those in the even—even nuclei are of
especial interest. However, high-K states being very stable
against fission may still be short-lived as they can decay by
other radioactive decay modes. Since these are excited states,
they will still decay by electromagnetic and/or o decays.
Hence, the total half-life of a K-isomeric state in SHN will
be defined by competitions between electromagnetic, o and
fission decays.

7 Decay modes and a total half-life of high-K state
Let us briefly estimate the partial half-lives of three different

radioactive decay modes in 2*Rf and 2’°Ds, which are rep-
resentatives of electromagnetic and « decaying K -isomers

log(T, )

T T T T
156 158 160 162

Neutron number

T
154

half-life is shown by a filled square. Experimentally measured total
half-lives of «-decaying K-isomeric states (noted as m) are shown by
horizontal-line symbols and arrows, which indicates that these are con-
sidered as lower limits for fission half-lives of high-K states. See text
for details

from the above two regions of nuclei, i.e., of Fm-Rf and Hs-
Ds. In Fig. 9, three different decay scenarios (y-ray transi-
tion, o decay and fission) for the isomeric states in 254Rf and
279Ds are shown schematically. Experimental data on these
two isomeric states are scarce, thus, their qp-configurations
are assumed to resultin 8~ and 9~ states according to predic-
tions from Ref. [50]. In order to make a comparative analysis
of their decay modes, the same excitation energy and paths for
electromagnetic and o decays were assumed. By attributing
1 MeV excitation energy for both isomers, fission half-lives
of about 1 x 10~ ! s and 1 x 10° s are calculated for the 8~
and 9 states, respectively. In the case of a y-transition, let
us assume that in both cases a high-spin (87) member of the
ground-state rotational band (K = 0) at an excitation energy
of 0.5 MeV is populated. In both cases, y quanta with the
same energy of 0.5 MeV and multipolarity of E1 should be
emitted. However, y-transitions in 2*Rf and 2’°Ds will be
retarded by A K = 8 and 9, respectively. By using the most
recent parameterizations of log(Fk) as a function of AK
given in Ref. [30], half-lives of 7 x 1073 s and 8 x 1072
s are calculated for the El-transitions in 2>4Rf and 279Ds,
respectively. In both nuclei, the half-life of y-transition is
much shorter than the one for fission. Thus, it is unlikely that
fission can compete with the electromagnetic decays in both
isomeric cases.
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Fig. 9 Schematic illustrations of various de-excitation modes of high-
K states in >*Rf and 27°Ds. Calculated partial half-lives (in unit of s)
for various decay modes are given. Decay schemes for electromagnetic
and « transitions from high-K states and their related values are the
assumptions, which are used in this work. Only Q, for the ground to
ground state is taken from Ref. [83]. Dashed lines and arrows indicate
unknown states and unknown decay branches, respectively. For details
see text

Now, for the o decay, let us assume that the same 2-qp state
exist in the daughter nuclei at the same excitation energy of
1 MeV. Such an assumption will allow us to use the Q,
value between ground states for the favored «-decay transi-
tion [42]. It is worth noting that various theoretical estimates
on partial o decays of high-K states including non-favored
transitions (e.g., AK > 0)exist [49,51,80]. However, we are
considering only favored, i.e., the most probable transition,
which is sufficient for the present discussion. Half-lives of
these -decays can be calculated by using a semi-empirical
approach given in Ref. [81], with improved parameters from
Ref. [82]. The ground-to-ground state Q, values are taken
from Ref. [83]. Calculated w-decay half-lives are 1.3 x 107 1s
and 1.3x10™* s for 2*Rf and 27%Ds, respectively.

In 234Rf, it is evident that o decay cannot compete with
y-ray emission, thus, its main decay mode will be an elec-
tromagnetic transition with a total half-life value of up to
several ms. Indeed, the experimentally observed K -isomeric
state [47,74] decays via an electromagnetic transition with a
total half-life of 4 s, which is shorter than the 20 s of its
fissioning ground state which confirms the above estimate.

In the case of 270Ds, the a-decay half-life is shorter than
the half-life of the y-transition, thus, the most probable de-
excitation mode of this 9~ state will be the o decay. One
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should mention that this is only possible if a similarly high-K
state exists in the daughter 2°6Hs nucleus. These conclusions
are in agreement with experimental data. The ¢-decaying K
isomeric state in 27°Ds has been measured [42] and evidence
for the presence of a K -isomeric state in 2°°Hs also exists
[48]. Moreover, the experimental «-decay half-life of the K -
isomeric state in 279Ds is &~ 6 ms [42], which is longer than
the &~ 0.1 ms [42] of its «-decaying ground state. There-
fore, the experimental data on K -isomeric states in 2°°Hs
and 279Ds, together with the results from the present semi-
empirical estimates give hope on the possible existence of
more longer lived K -isomeric states in SHN.

Finally, by summarizing all above results and discussions
one can conclude that within the presently suggested semi-
empirical approach various high-K state phenomena in the
heaviest nuclei can well be explained. The present estimates
may be a useful tool to guide experimental studies of heavy
nuclei.

8 Access to extremely short-lived nuclei via a
K -trapping

Present experimental techniques are limited to the direct pro-
duction of nuclei with half-lives of less than about 1 s, which
is mainly required for their separation at in-flight separators
and delivery to a detection system for registration of their
radioactive decays [19,84]. Thus, the heaviest nuclei having
extremely unstable ground states, e.g., decaying by SF with
half-lives shorter than about 1 s are experimentally inacces-
sible via direct production. According to the present results, if
high-K states would exist in such heavy nuclei then they may
have total half-lives of longer than about 1 ps. In this case, the
extremely short-lived heavy nuclei can be safely separated
and transported to the detection system. Once such a nucleus
is delivered to the detection system in its K -isomeric state,
the subsequent radioactive decays can be studied together
with its ground state as done for the cases of the all known
K -isomers [29]. This provides a unique opportunity to study
extremely unstable exotic nuclear systems, such as neutron-
deficient nuclei, and would help to expand the isotopic map
of the nuclei. From the results shown in Fig. 7, such situations
may occur and be studied in hitherto unknown and sub-ps
248No, 220Rf and 2>?Rf isotopes.

With regard to the relevance for the study of extremely
short-lived nuclei, it is worth mentioning a recently raised
debate on the expected SF half-life for 23Rf. In the analysis
of the experimental SF half-lives of Rf isotopes known at that
time (prior to Ref. [69]) with a focus on the single-particle
shell effect on fission, it was noticed that the SF half-lives
of unknown neutron-deficient Rf isotopes with N < 150
may soon reach an isotopic boarder, i.e, a value of 10714,
This was based on the expected SF half-life of less than 1 ps
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(10712 5) for 2>?Rf, which was calculated with the known SF
half-lives of neighboring 2°3Rf and »*Rf isotopes and with a
factor of 10* for the single-particle effect on the SF half-life
of 23Rf. However, new experimental findings in Ref. [69],
and its interpretation led to the conclusion that the SF half-
life of 22Rf is not on the order of 10~'2 s but rather ~ 10~ s.
Meanwhile, in the recent work [73], where the experimental
findings from Ref. [69] have been confirmed but differently
interpreted (see discussions made in the previous section),
was in favor of the extremely short half-life scenario for
232Rf, which was initially suggested and believed to be dis-
proved in Ref. [69]. In other words, according to Ref. [73],
the SF half-life of 25”Rf is still suggested to be shorter than
1 ps and, thus, experimentally inaccessible.

The present prediction on 232Rf suggest that experimental
access to this nucleus can be found via its a high-K state
(e.g., K = 6, see Fig. 7). In the present work, a SF half-life
of about 1 ws was calculated. As already mentioned in the
previous section, this value could be overestimated because
for its calculation the curvature energy of 2*Rf was used
(see discussions in the previous section). In fact, a similarly
high value of 0.63 s has been predicted in a pure theoretical
calculation [85].

Nevertheless, to examine the possible transport/access of
this nucleus, let us consider two different empirically esti-
mated SF half-life values of about 0.1 s and 1 ps for 252Rf,
which were given in Ref. [69]. By describing these val-
ues within the present semi-empirical approach (see previ-
ous section), (hiw)sg = 1.95 and 6.6 MeV are extracted
in cases of 0.1 ps and 1 ps, respectively. This leads to two
extremely different scenarios for the shape of a 5.09 MeV-
high fission barrier in 252R£[59]. It should be mentioned that
(hw)sr = 6.6 MeV is an unprecedentedly large value (cf.
Fig. 2), which is unlikely to be a realistic.

Nevertheless, one can calculate the fission half-lives of the
above-mentioned K = 6 state in 2°Rf by taken these two
(hw)sF values. The values of 50 s and 3 ns are estimated
by using the (hw)sr = 1.95 and 6.6 MeV, respectively. This
shows that the high-K state in 2>?Rf will provide experimen-
tal access to this nucleus only in the case if its ground state
SF half-life is about 0.1 ws or longer. If so, then with the
current availability of fast digital electronics [45,47,74], the
ground-state fission of 22Rf can be disentangled from the
de-excitation of K-isomeric state down to a time scale of
about 0.1 ps [84]. In summary, if the conclusion made in
Ref. [69] is a correct, then the unknown >2Rf may still have
a chance to be discovered, not only at its high-K state, but
also at its ground state.

9 Summary and conclusion

In the present work, fission from high-K states formed
in couplings of quasiparticles in SHN was discussed and
described within the semi-empirical approach. A semi-
empirical expression for the estimation of fission-hindrance
factor relative to unhindered fission half-lives of high-K
states was suggested. The fission half-lives were calculated
for various theoretically predicted high-K states in Fm-Rf
and Hs-Ds. It has been found that high-K states in SHN seem
to be more stable against fission compared to their ground
state. Discussion of the obtained results led to predictions of
different interesting and intriguing physics scenarios, which
could occur in SHN. Some predictions were found to be in
good agreement with the experimental observations, such as
a-decay of the K isomeric state in 2’°Ds, and long half-life
of K isomer in 2°No etc. The existence of high-K states in
SHN would help to expand the experimentally known nuclear
chart towards extremely unstable cases, such as very neutron-
deficient SHN. Moreover, the existence of high-K states in
neutron-rich SHN, which could be produced in the nuclear
astrophysical process are of great interest within the frame-
work of the possible occurrence of superheavy elements in
nature. For this, one needs to have theoretical predictions
for possible multi-qp configurations with high-K numbers
in odd-A, odd—odd, and neutron-rich SHN that are relevant
to the astrophysical r-process.
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