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Discovery of K-isomeric states in seaborgium isotopes
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The K-isomeric states in the heaviest nuclei are among the interesting topics in superheavy-element research.
In the present work, we report on the discovery of us isomers in 2825260Sg which deexcite with half-lives of
1207378 us, 85 &= 6 us, and 8.5734 us, respectively, and are attributed to high-K states formed in multiquasiparticle
couplings. In %' Sg, activity with 12.67%2 us half-life was observed and it is suggested to originate from decays
of a high-K multiquasiparticle and/or single-particle isomeric states.

DOI: 10.1103/gsw6-37t3

I. INTRODUCTION

Excited nuclear states formed by coupling of quasipar-
ticles may give rise to long-lived isomeric states [1]. This
phenomenon occurs when the projection of the total angu-
lar momentum onto the symmetry axis, i.e., the K quantum
number, of a formed state has a large value compared to
lower-lying states, including the ground state.

The large difference in K reduces the rate of electromag-
netic decays [2—4], resulting in longer transition lifetimes
relative to the Weisskopf estimates for single-particle tran-
sitions [5]. Deexcitation of K isomers typically involves the
emission of y rays and conversion electrons (CEs) accompa-
nied by x-rays.

These K-isomeric states are extensively explored and stud-
ied in the regions of medium-mass and heavy-mass nuclei
[6,7]. The latter region is of special interest since the deex-
citation path of a K-isomeric state may differ from that in
the medium-mass region, where K isomers typically decay via
internal electromagnetic transitions. This feature has been ex-
perimentally seen in the region of superheavy elements, in the
case of ?Ds (Z = 110), observed 25 years ago, where a K-
isomeric state decays via «-particle emission [8]. Moreover,
the K-isomeric state in this nucleus was found to live longer
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than the ground state, which renewed interest in the study of
this phenomenon in the early 2000s. Since then, extensive
experimental programs searching for long-lived K-isomeric
states decaying via «-particle emission have been carried out
at various heavy-ion accelerator facilities. So far only one
more case has been reported, in 266 g (Z = 108) [9]. Mean-
while, many K-isomeric states with typical electromagnetic
deexcitation paths have been discovered in No (Z = 102) —
Rf (Z = 104) isotopes [6,7,10-12]. Among them, three K
isomers in *°No [13-16], *Rf [17] and *?Rf [12] with
half-lives longer than their spontaneously fissioning ground
states were observed. In all cases, direct fission from a K-
isomeric state was not identified, resulting only in upper limits
and showing the strong hindrance of fission caused by the
K quantum number. In fact, these observations agree with
the theoretically anticipated fission stability of the high-K
states [18,19], which in turn are predicted to exist widely in
deformed superheavy nuclei [20-23].

Although this phenomenon is widespread in nobelium
and rutherfordium, the occurrence of a K isomer in heavier
seaborgium (Sg, Z = 106) isotopes was only recently re-
ported in »°Sg [24]. In that work, a CE signal associated
with electromagnetic deexcitation of a K-isomeric state with a
28f}§6 us half-life was measured using fast digital electronics
[24]. In recent years, the detection of CEs has been proven to
be greatly helpful for the identification of K-isomeric states in
low-statistics measurements [12,25-28].

In the present work, we explore K-isomeric states in Sg
isotopes within the existing experimental data from the veloc-
ity filter SHIP (Separator of Heavy Ion reaction Products) at
GSI, Darmstadt, collected in experiments performed between
years 2003 and 2009.

II. EXPERIMENT

The 2%261Sg  isotopes were produced in the
34Cr 4-206-208ph fusion-evaporation reactions. The a-decay

Published by the American Physical Society


https://orcid.org/0000-0002-2760-8003
https://orcid.org/0000-0002-2034-0358
https://orcid.org/0000-0003-1371-2384
https://orcid.org/0000-0001-6284-1516
https://orcid.org/0000-0001-7959-8153
https://orcid.org/0000-0003-1840-6503
https://orcid.org/0000-0002-0341-0043
https://orcid.org/0009-0009-7764-4545
https://orcid.org/0000-0001-7876-6696
https://orcid.org/0000-0002-0916-6029
https://orcid.org/0000-0002-0469-3129
https://ror.org/02k8cbn47
https://ror.org/0587ef340
https://ror.org/05nf86y53
https://crossmark.crossref.org/dialog/?doi=10.1103/gsw6-37t3&domain=pdf&date_stamp=2026-09-16
https://doi.org/10.1103/gsw6-37t3
https://creativecommons.org/licenses/by/4.0/

P. MOSAT et al.

PHYSICAL REVIEW C 114, 034321 (2026)

spectroscopy results from these experiments can be found
in Refs. [29,30] for 2°!Sg, Refs. [31,32] for **°Sg, and
Refs. [32,33] for 2°Sg. The preliminary cross-section values
deduced from these experiments are given in [34].

The beam of *Cr nuclei was accelerated by the linear
accelerator UNILAC to energies of 252-276 MeV and was
delivered in a 50-Hz pulsed form (5 ms beam on and 15 ms
beam off). Highly enriched 2°°2%8Pb targets were used.

The evaporation residues (ERs) recoiling from the target
were separated in flight from the primary beam, beamlike,
and targetlike nuclei by the velocity filter SHIP [35]. The
ERs were then directed towards the detection system placed in
the focal plane of SHIP [36]. They passed through a time-of-
flight (TOF) detector system [37], which served to distinguish
implantation signals from decays. In combination with the
implantation detector (discussed below), the TOF detectors
also allowed discrimination of ERs from scattered projectiles,
recoiling target nuclei, and products from transfer reactions
passing through SHIP (see, e.g., Ref. [38]).

The ERs were implanted into a 300-pum-thick 16-strip
position-sensitive silicon detector (PSSD) with dimensions
of 80 x 35 mm?Z, which is referred to as the STOP detector.
A typical implantation depth for ERs calculated from the
implantation energy in the STOP detector using LISE+4+
[39] was 6-9 pum, depending on the reaction kinematics and
the use of deceleration foils. Two vertical (top and bottom)
positions of each signal detected in the particular strip were
independently determined based on the partial amplitudes of
signals measured from the top and bottom ends of the strip’s
resistive layer and the total amplitude. Individual preamplifier
signals from the top and bottom ends were processed with
two different gains to cover both low-energy (e.g., o, CEs)
and high-energy (e.g., SF, ER implantation) signals. The low-
energy thresholds were optimized and allowed detection of
signals down to ~80 keV.

The resolutions of reconstructed vertical positions (top and
bottom) for o particles and implantation signals (and fissions)
measured in the low- and high-energy branches were 0.5 and
2 mm, respectively. These values are typically required to be
fulfilled for both top and bottom positions when correlations
between the events are being established (correlation analysis
is explained in Sec. III in detail). However, the condition
for spatial correlation often could not be applied to the CEs
because their low energies often resulted in the absence of
top and/or bottom positions. Therefore, for CE signals we
required only the same strip number as the other correlation
members (ER, «, and SF).

The resolution of the STOP detector was typically 20—
30 keV for the o particles from the implanted activity. The
detection efficiency for particles escaping the STOP detector
was improved by six additional Si detectors of the same type
as the STOP detector, assembled in an open-box geometry
(referred to as the BOX detector) and mounted in front of the
STOP detector (upstream of the beam). The use of the BOX
detector increased the geometrical efficiency for full-energy
a-particle detection from 50-55% (STOP detector only) to
80-85% (STOP + BOX detectors) [38].

A germanium clover detector installed closely behind the
STOP detector covered almost 27 solid angle for detection
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FIG. 1. Low-energy spectra from *Cr 4 26-2%Pb reactions mea-
sured during the beam-off periods in the STOP detector. The
reactions and beam energies are given in each panel. Peaks corre-
sponding to the Sg isotopes and their daughter isotopes are marked.

of x-rays and y rays. Depending on the specific experiment,
either a VEGA-type detector or the so-called SHIP clover was
employed. More details on these detectors, including their
absolute efficiency curves, are given in Refs. [31,40].

III. DATA ANALYSIS

The energy spectra of the STOP detector recorded during
the beam-off periods from the three reactions are shown in
Fig. 1. Each spectrum consists of data measured at different
beam energies which were grouped to highlight the produc-
tion of a particular Sg isotope. Peaks corresponding to o
particles from various Sg isotopes and their daughters are
marked.

We established the decay chains for various Sg isotopes
by performing position and time correlation searches between
the ERs and decays [« and spontaneous fission (SF)] of Sg
and their daughters (Rf) and granddaughters (No).

The ER-like events were selected based on their energy
in the expected range (2040 MeV), beam-on period, TOF
detector signal, and actual TOF value matching their velocity,
as described in Ref. [38]. Possible decays (« or fission) were
selected based on their anticipated energy and by being in
anticoincidence with the TOF detector.

Candidates for «-decay chains were considered according
to the known decay properties as events with full energy
detected in the STOP or with reconstructed full energy in
the STOP + BOX detectors. In addition, escaped « particles,
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emitted in the backward direction through the BOX detector
opening and depositing part of their energy in the STOP detec-
tor (typically 0.7-1.2 MeV), were also considered; however,
for safe identification of a chain, at least one full-energy o
particle (or fission) was required.

The fission candidates were searched for in the energy
range of 80-250 MeV. As the fission fragments have opposite
directions, the detection efficiency for identifying a fission
event by detecting at least one fragment in the STOP detector
(although without the full total kinetic energy) was considered
to be 100% (see, e.g., [25]).

Once the ER-«//SF chains were established, we searched
for low-energy signals (CE-like) occurring after each ER sig-
nal within 1 ms.

The capability of the detection setup to measure and cor-
relate low-energy signals, such as CEs from the deexcitation
of K-isomeric states with us—ms half-lives in the beam-on
period, was tested and confirmed by the observation of CEs
with energies of 2120 and ~140 keV from the decays of the
known 50- and 23-us single-particle isomeric states in > Rf
[33] and >3No [30,41,42], respectively, which were populated
in the o decays of 2°Sg and *°!Sg.

Prior to the search for K isomers in Sg via ER(Sg)-
CE-«/SF correlations, we first estimated the random time
distribution of CE-like events with energies <1.2 MeV.
ER-like events also contain implantation signals of target-
like transfer-reaction products that may be populated in
an isomeric state, which may introduce correlated CEs of
nonrandom and non-ER origin. Therefore, we used other
beam-related implantation events, for which no real correlated
CEs were expected [38]. Their rate was comparable to that
of ER-like events. The results for the experiment in which
the STOP detector counting rate was the highest are shown
in Fig. 2(a). Within the CE search time of 10 ms, the time
distribution of the random events is not fully reconstructed, as
the mean random correlation time was expected to be longer.
This search resulted in 5 x 10~* randomly correlated CE-like
events per one ER-like event within 1 ms.

As the rates of ER-like events and CE-like events varied
slightly from one experiment to another, we evaluated the
random rate for each experiment individually. The random
correlation probability was in the range of (1-5)x 10~*. These
results confirm the capability of the setup to detect CEs origi-
nating from possible K-isomeric states in the us—ms range.

When the correlation times of the CEs are short and close
to the data acquisition (DAQ) dead time, the time distribu-
tions constructed from the directly measured individual times
At; may not properly represent the radioactive decay time
distribution [43]. To restore the real radioactive decay time
distribution, a dead-time correction of 20 us was applied to
the individual measured times At; (i.e., At; — 20 us), as was
done in [12]. A detailed description of the DAQ dead-time
correction method is given in Appendix A.

The time distributions before (black dotted) and after (blue)
the correction of the single-particle isomeric states in >>Rf
and 2*No, mentioned above, are shown in Figs. 2(b) and 2(c),
respectively. The dead-time-corrected distributions are better
described by radioactive decay with half-lives of 451’2 us and
27 + 3 us, respectively, which are in good agreement with the
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FIG. 2. (a) Time distribution of CE-like events extracted from the
time differences between randomly correlated ER-like signals and
low-energy signals up to 1.2 MeV. (b) Time distribution of «(>**Sg)-
CE correlations, corresponding to deexcitation of the 5/2%[622]
isomeric state in >®Rf. (c¢) Time distribution of a(*'Rf)-CE cor-
relations, corresponding to deexcitation of the 5/2%[622] isomeric
state in 2*No. In all panels, the energy distributions of CE-like and
CE signals are shown in the inset. In (b) and (c), the black dotted
distributions correspond to measured times A¢; and the blue ones
correspond to the dead-time-corrected times (At; — 20 ws). For more
details on the dead-time correction, see Appendix A.

literature data [33,41]. In both cases (*°Rf and ?>No), the
CE energies form peaks at ~120 and ~140 keV, which cor-
respond to the LMN+- conversion electrons from the decays
of single-particle isomeric states with energies of ~150 and
167 keV, respectively.

We note that the CE energies shown in Figs. 2(b) and
2(c) are corrected for the pole-zero effect, which is caused
by the not-yet-restored baseline after a preceding amplified
signal from, e.g., o decay or ER implantation. This effect is
visible already for the CE energies in «-CE correlations and
becomes much more significant for ER-CE chains because of
the high energies of the ERs. To extract the real energies of
CEs, correction factors for the measured energies as a function
of correlation time were applied following the procedure of
Ref. [25]. In the present work, the correction factors were
extracted based on ER-« correlations of the short-lived 2!’ Th
produced in the calibration reactions, and details are given in
Appendix B.

IV. RESULTS AND DISCUSSION

The results of the search for CEs following the ER implan-
tation signals from the identified correlations between ERs
and decays of various Sg isotopes, performed as described in
Sec. 111, are shown in Fig. 3. The measured CE energies are
shown as a function of the correlation time for the individual
isotopes in different colors. The energies shown in Fig. 3
are not corrected for the pole-zero effect. In the following
discussion, CE energies are given after pole-zero correction,
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FIG. 3. Energy and correlation time At of CEs from the ER-CE-
o and ER-CE-SF correlations assigned to 2°%Sg (blue), 2Sg (red),
2605g (green), and 26! Sg (black). The data points are without the pole-
zero correction for energy. The pole-zero effect correction obtained
from ER-ar(*!'’Th) correlations is shown by the magenta curve (see
Appendix B). According to this correction function, the CEs from
283g and »’Sg with longer half-lives are affected slightly towards
the lower energies. On the other hand, most of the events from **Sg
and 2%!'Sg are in the Afgg.cg region where the CE energy becomes
affected by the rising ER signal (below 40 ps). The black horizontal
line indicates level 0, i.e., no pole-zero correction.

while half-lives are deduced from dead-time-corrected time
distributions; the corresponding procedures are described in
detail in Appendixes B and A, respectively. A detailed de-
scription of the results for the individual Sg isotopes is given
in the following subsections.

A. Isomeric state in 2’Sg

In the present work, the isotope >°Sg was produced in
the *Cr +2%Pb and 3*Cr 4+ 2"’Pb reactions via the 1n and
2n evaporation channels, respectively. Corresponding STOP-
detector beam-off energy spectra from these reactions are
shown in Fig. 1(a) and 1(b). The correlation search between
ERs and «-particle candidates resulted in a total of 734 ER-«
events (with full-energy « particles), which were attributed to
the o decay of 2°Sg.

In 54 cases, the ERs were followed by a CE-like signal,
i.e., forming ER-CE-a(*°Sg) chains. The time distributions
of CE and a(*°Sg) events relative to the preceding events are
shown in Fig. 4(a). Additionally, we found five cases of ER-
CE-a(escape) chains, in which a low-energy signal following
the CE was attributed to an escaped o particle from >°Sg and
was followed by a full-energy « or fission of the daughter
(*3Rf) and/or a full-energy « from the granddaughter (**'No).
These chains are also included in Fig. 4(a).

The half-life of the «-decay events was deduced as 0.46(5)
s, which is in agreement with the reported value for the
11/27 ground state from Ref. [33]. The time distribution of
the CEs shows a well-separated group of events with much
shorter Ar than the random correlations [cf. Figs. 4(a) and
2(a)]. Moreover, according to the estimated rate of random
CE-like signals, only 0.17 randomly correlated CE-like events
were expected within a time window of 1 ms after the ER.
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FIG. 4. (a) Distributions of time differences between ER-CE
(blue), CE-«, and CE-SF (black) from the ER-CE-« and ER-CE-SF
correlations assigned to (a) 2?Sg, (b) 2%!Sg, and (c) 2°Sg. The energy
distributions of CEs are shown in the inset of each of panels (a), (b),
and (c). (d) Distribution of time differences of ER-SF correlations
and the CE-SF correlation from the ER-CE-SF chain assigned to
2388g (black). Individual time differences of each event are shown in
black. The time difference of ER-CE from the one ER-CE-SF chain
is shown in blue. The time distributions are corrected for the dead
time (see Appendix A) and the CE energies are corrected for the
pole-zero effect (see Appendix B).

Therefore, all of these CEs were attributed to an activity with
a half-life of 85(6) us.

The energy distribution of the CEs is plotted in the inset of
Fig. 4(a). The corrected CE energies extend up to 0.7 MeV.
No prompt y or x-rays were observed in coincidence with
the CEs. Based on the CE-energy distribution, an excitation
energy of at least 0.7 MeV can be estimated for the isomeric
state. Such broad energy distributions are typical for the CEs
from the decay of K-isomeric states in No—Rf isotopes (see,
e.g., the K-isomeric states in >>Rf identified at SHIP under
the same experimental conditions [25]), in contrast to the
CEs from single-particle isomers [see Figs. 2(b) and 2(c)].
This already suggests that the observed 85(6)-us activity is
associated with a K-isomeric state in >°Sg.

Theory predicts three-quasiparticle states with various con-
figurations at energies above 1 MeV [22,23]. Within the
present data, we are unable to determine the K number of
the isomeric state. However, the decay scheme allows us to
determine which of the two a-decaying states in >°Sg was
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FIG. 5. Energy spectra of « particles from the decay of *°Sg.
Black: all « particles assigned to Sg, downscaled by a factor of
2. Blue: « particles of »?Sg correlated with ER implantation and
preceded by a CE signal, i.e., ER-CE-a(**Sg) correlations. Red: o
particles of 2Sg correlated with ER implantation and followed by a
low-energy CE signal, i.e., ER-a(*°Sg)-CE correlations. Also shown
is the decay scheme of »°Sg based on Ref. [33], extended by the
K-isomeric state observed in this work and its proposed deexcitation
path.

populated by the deexcitation of the K-isomeric state, namely
the 11/27[725] ground state or the 1/2%[620] single-particle
isomeric state.

The « decay of the 1/2%[620] single-particle isomer
in 2°Sg populates the low-lying 5/27[622] single-particle
isomer in 2> Rf, which in turn deexcites via emission of low-
energy CEs (see Sec. III and the decay scheme in Fig. 5).
Indeed, when ER-a(*°Sg)-CE correlations are selected, the
a-decay energy of 9.55 MeV (shown in red in Fig. 5) is
consistent with the 1/2[620] = 5/27[622] transition be-
tween 2>?Sg and 23Rf [33]. On the other hand, the « particles
preceded by the higher-energy CEs with the 85-us half-life
(shown in blue in Fig. 5), have higher energies of 9.61 MeV,
in agreement with the decay scheme where they are attributed
to the 11/27[725] 5 9/27[734] transition between 259$g
and >PRf [33] (see inset in Fig. 5). We did not observe any
ER-CE-a(*°Sg)-CE correlations.

Thus, the deexcitation of the newly observed high-lying
isomeric state proceeds to the high-spin 11/2~ ground state.
Its origin is therefore likely a high-K configuration formed by
the coupling of three quasiparticles. Taking into account both
the CE-energy distribution and the observed «-decay pattern,
we attribute the 85(6)-us activity to a K-isomeric state in
29S¢, This result confirms the existence of the K isomer
reported in Ref. [24], for which a half-life of 281“}%6 us was
extracted. Such an observation is consistent with the known
three-quasiparticle states in the lighter isotones >'Rf [44—47]
and 2No [11,26]. We note that unambiguous assignments of
the nuclear configurations of these isomers have not yet been
given.

B. Isomeric state in 2*!Sg

The isotope 2*!Sg was produced in the >*Cr +2%Pb re-
action via the 1n evaporation channel. In Figs. 1(c) and

1(d), the beam-off energy spectra of the STOP detector con-
taining the a-decay events of 2°!Sg are shown. In total,
we found 3003 ERs correlated with full-energy o particles
giﬁrllcluding STOP 4+ BOX events) which were attributed to

Sg.

In 30 cases, a CE-like signal was found to follow the
ER signal, i.e., ER-CE-(**'Sg) correlations. In addition, we
found 14 cases of ER-CE followed by escaped o (*%'Sg) and
full-energy a(PRf) or a(*3No). The time distributions of
a(*%'Sg) and CE events (At — 20 us) are shown in Fig. 4(b).
The time distribution of the 2°'Sg «-decay events is well de-
scribed by a half-life of 108f}§ ms. It is worth noting that this
value is shorter than the 184 + 5 ms half-life, extracted from
all ER-a(%%!Sg) in the same data [30]. However, within the
present data we cannot conclude the presence of a state other
than the ground state.

According to the estimated rate of random CE-like signals
[see Fig. 2(a)], 0.8 randomly correlated CE-like events were
expected within a time window of 1 ms after the ER. The
observed CEs therefore have a nonrandom origin and their
time distribution corresponds to an activity with a half-life of
12.6772 us, which we attribute to an isomeric state in 2°'Sg.
No y or x-rays were detected in coincidence with these CEs
with energies in the range from 0.4 MeV up to 1.2 MeV.
The excitation energy of the 12.6-us isomeric state can be
roughly estimated as E* > 1.2 MeV. Such high excitation
energy suggests that the isomer may originate from a state
with high-K multiquasiparticle configuration, which is also
supported by the theoretical predictions [22,23].

An isomer with a half-life of 9.01%(5) us was previously

observed in 2*'Sg [45], and the 12.677¢ ps half-life from
present results is in agreement with this value. The CE ener-
gies measured in [45] were grouped around 200 keV and the
isomer was assigned to the single-particle 11/27[734] state.
Surprisingly, the corrected-energy distribution of the presently
measured CEs does not show such a peak [see Fig. 4(b)].

At first glance, this discrepancy could be due to an under-
estimation of the pole-zero correction at very short correlation
times (see Appendix B), which could worsen the CE-energy
resolution and smear out a narrow peak. However, considering
the well-established response of the SHIP detection system
and the evaluated correction function for the pole-zero effect
(magenta curve in Fig. 3), we do not expect CE energies
originating from a 200 keV internal transition to be shifted
and broadened to the extent observed in Fig. 3. Therefore, the
presently measured CEs spectrum indicates rather a K-isomer
origin, while we do not exclude the partial presence of the
single-particle isomer reported in Ref. [45].

If a second isomeric state in 26! Sg has a high-K multiquasi-
particle origin, as discussed above, then it should deexcite into
a high-spin single-particle state analogous to the case of >>°Sg
discussed in the previous subsection. Since the high-spin
11/27 state was assigned to the single-particle isomeric state,
deexcitation of higher-lying K isomer via the single-particle
isomeric state would be probable. We therefore searched
for ER-CE-CE-a(261$g) correlations. No such event was ob-
served, which may, however, be due to the low statistics and
DAQ dead time. Therefore, we could not confirm the presence
of both isomers in our data.
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Finally, we suggest that two isomeric states may exist in
261Sg, based on the measured CE energies and the present
results on >>?Sg, where a K-isomeric state was unambiguously
identified in addition to the known single-particle isomer.

C. Isomeric state in 2°Sg

The *%°Sg isotope was produced in the *Cr 4+ 2%Pb and
34Cr + 27Pb reactions via the 212 and 1n evaporation channels,
respectively. Based on its characteristic a-decay energy, 2°Sg
can be well separated from 23°Sg and 2! Sg in the o spectra
shown in Figs. 1(b) and 1(d).

Compared to the »°Sg and 2! Sg isotopes, the even-even
260Sg nucleus has a notable spontaneous-fission branch, and
therefore we also searched for ER-SF sequences.

In this case, one has to account for the dominantly fis-
sioning a-decay daughter >>Rf, which has a similar half-life
of 6.7 ms [48]. We therefore inspected all ER-SF events for
the presence of a full-energy or escaped « particle between
the ER and SF events, i.e., we searched for ER—a(26OSg)—SF
sequences in order to distinguish fission of 2Sg from that
of 23°Rf. In total, we identified 469 ER-SF(**°Sg) and 202
ER-a(**°Sg) correlations.

In 19 cases, a CE was observed within 1 ms after the ER,
resulting in 13 ER-CE-SF(*®Sg), 3 ER-CE-«(**Sg), and 3
ER-CE-a(escape)-SF(*°Rf) correlations. The time distribu-
tion of the CEs (Ar — 20 us) and of the «/SF events is shown
in Fig. 4(c).

According to the estimated rate of random CE-like signals
[see Fig. 2(a)], only 0.1 randomly correlated CE-like events
were expected within a time window of 1 ms after the ER.
The observed CE activity is therefore of nonrandom origin.

A half-life of 8.5%3¢ us was extracted by fitting the time
distribution of the CEs. The measured CE energies are shown
in Fig. 3, and the pole-zero-corrected energies are shown in
the inset of Fig. 4(c). The corrected energies extend up to 0.5
MeV. No y or x-rays were detected in prompt coincidence
with the CEs. Since a single-particle isomeric state is excluded
in the even-even nucleus, these delayed CEs are attributed to
deexcitation of a K-isomeric state in *°Sg with an excitation
energy of at least 0.5 MeV.

Theory predicts several two-quasiparticle high-K states in
2605¢ with both two-proton and two-neutron configurations at
excitation energies of ~1 MeV [18]. The present observation
is therefore consistent with the existence of such states. It is
worth noting that these K-isomeric states were also discussed
as possible candidates for o decay [19,49], motivated by the
observed o decay from K-isomeric states in the heavier nuclei
219Dg and 2°°Hs, as discussed in Sec. 1.

In this context, a group of five o decay events with ener-
gies around 9.7 MeV and mean lifetime of 0.141’8:82 ms was
observed. These events were already reported in Ref. [31],
where their origin was discussed as a possible o decay of
a K-isomeric state. However, the half-life of 8.5Jj:1 us for
the presently observed electromagnetically decaying K isomer
does not agree with the above-mentioned value, thus, the CEs
are from a different state. Nevertheless, we would still not
exclude the existence of two K-isomeric states with different
half-lives, as is well known in the lighter No-Rf isotopes.

TABLE I. Summary of isomeric states identified in the present
work. The numbers of observed CEs (N), deduced half-lives (7},,),
lower limits of the excitation energy (E*), and suggested origins (m-
qp: multiquasiparticle; sp: single-particle) are given.

Isotope N T/ (us) E* (MeV) Origin
B8mg g 1 1207378 >0.25 m-qp
2om2g g 58 85+6 >0.7 m-qp
2w0mg g 19 8.5+ >0.5 m-gp
Wimgg 44 12.6732 >1.2 m-qp/sp

D. Isomeric state in 253Sg

The isotope >%Sg was produced in the **Cr +2%Pb re-
action via the 2n evaporation channel. Similarly to the case
of 20Sg, we searched for ER-SF correlations and identified
9 ER-SF events with a half-life of 1.4707 ms, whose time
distribution is shown in Fig. 4(d). One ER was followed by
a CE-like signal with an energy of 0.25 MeV after 175 us.
According to the estimated rate of random CE-like signals
[see Fig. 2(a)], only 0.004 randomly correlated CE-like events
were expected within a time window of 1 ms after the ER. No
y or x-rays were detected in prompt coincidence with the CE.
Since 2%Sg, like 2°Sg, is an even-even nucleus, we attribute
this event to deexcitation of a K-isomeric state in 2%Sg.

The time distribution of the nine ER-SF events signifi-
cantly overlaps with the half-life of 120f§;8 us attributed to
this new K-isomeric state. This behavior is consistent with the
rapid decrease in fission half-lives of neutron-deficient nuclei
towards lower neutron number, as observed in No [50] and in
Rf [12]. In this respect, some fission events with comparably
low At cannot be excluded from originating from direct fis-
sion of the same 1201“2;8-115 K-isomeric state. However, direct
fission from K-isomeric states has not yet been unambigu-
ously identified [51]. Therefore, we tentatively attribute all
nine SF events to the ground state.

Our value of 1.41’8:1 ms for the ground-state half-life is in
agreement with the previously reported values of 2.91’('):% ms
[48] (10 events), 2.770 ms [52] (9 events), 2.179 ms [53]
(9 events), 2.7713° ms [24] (1 event), and 2.273¢ ms [54]
(9 events). Since only a handful of *¥Sg nuclei have been
produced in different experiments worldwide, we combine all
available experimental results and deduce a half-life value of
2.3J_r8:‘3‘ ms with improved uncertainty.

V. SUMMARY AND CONCLUSION

In the present work, we report on the discovery of K-
isomeric states in 2°Sg, 20°Sg, and 28Sg with half-lives of
85 + 6 us, 8.513% us, and 120*37° s, respectively. In addition,
an isomer with 12.6%32 us half-life was observed in 2*'Sg.
The results are summarized in Table 1.

For 2Sg, the high-K character of the new isomeric state
was established from its exclusive deexcitation to the higher-
K 11/2~ ground state rather than to the lower-K 1/2% single-
particle isomeric state.
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The new isomeric state in 2°°Sg deexcites with a half-life
much shorter than the fast o decays discussed in Ref. [31].
Nevertheless, it is not excluded that those o decays origi-
nate from another isomeric state with a considerable «-decay
branch.

In 28Sg, the new isomeric state was found to decay in-
ternally with a half-life only about one order of magnitude
shorter than the half-life of its fissioning ground state. There-
fore, in view of the time distribution of the ER-SF events, a
possible direct-fission branch of the K-isomeric state cannot
be excluded.

For 2°1Sg, the isomeric state was measured to have a half-
life very similar to the one reported in Ref. [45] which was
attributed to the 11/27 single-particle isomer. However, the
CE-energy distribution observed in the present work rather
indicates an origin from a high-lying K isomer. At the same
time, the partial presence of the previously reported single-
particle isomer in the obtained data is not excluded [45].

The present experimental findings confirm the recent report
on K-isomeric state in »°Sg [24] and expand the region of
known K isomers in superheavy nuclei.
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APPENDIX A: THE RADIOACTIVE DECAY TIME
DISTRIBUTION: THE DEAD-TIME CORRECTION

In the SHIP experiment, any subsequent signal above
threshold arriving within the 20-us DAQ dead time is treated
as follows: (a) if it arrives within 5 ps after the ER signal,
it is registered together with the first event as a pileup, and its
energy is fully or partially summed with that of the first signal;
(b) if it arrives later than 5 us after the ER signal, it is lost.
Here, 5 us corresponds to the hardware-defined coincidence
window.

The dead time of 20 us is comparable to the half-lives of
some single-particle and high-K isomeric states in the No—-Rf
region and therefore reduces the registration efficiency for

Counts

(b) InT,

Counts

FIG. 6. (a) Randomly generated exponential decay histograms
shown as a function of the time variable for the original time ¢
(red) and the shifted time #' =t — T, (black), together with the
corresponding density functions. (b) Same distributions shown as
a function of the logarithmic time variable. The red histogram and
curve are plotted in the variable ¢ = Int, whereas the black his-
togram and curve are plotted in the corrected variable ¢’ = In(t —
7).

short correlations such as ER-CE or «-CE. In logarithmic time
distributions of successfully registered correlations, it also
produces a gap below 20 us. When the half-life is comparable
to the dead time, this truncation makes a reliable determi-
nation of the half-life difficult, especially in cases of limited
statistics.

The decay-time distribution is described by an exponential
function,

ft)=A4e™, (AD)
where A is a normalization constant and A is the decay
constant. Such a function is used for fitting decay-time dis-
tributions in order to extract the half-life as 77, = In2/A.

In experiments such as those presented in this work, the
decay-time distribution is constructed from the measured time
differences t; between two subsequent signals, such as ER,
o, CE, and SF. Because of the dead time Ty, the times ¢;
are recorded only in the interval (7, co). To simulate such
measurement, we randomly generated a sample of times #; dis-
tributed according to the exponential law with decay constant
A and introduced dead time 7;. The resulting time distribution
is shown in red in Fig. 6(a), and is well described by the
function f(¢) corresponding to the decay constant A. The red
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dotted part of f(¢) corresponds to the inaccessible dead-time
region (0, Ty).

Let us now subtract the constant 7; from each ¢ of the
same data sample. The resulting distribution is shown in black
in Fig. 6(a) and is again well described by an exponential
function with the same decay constant A. This is expected,
since one simply replaces the variable ¢ by ' =t — Ty, and
thus

[ = f =Ty =A™ = M f (1), (A2)

This transformation does not affect the estimate of the
decay constant A (and thus the half-life 77,,): the exponential
slope of the distribution remains unchanged, and fitting the
original data in (7, oo) by f(¢) is equivalent, in terms of the
extracted A, to fitting the shifted datat/ = t; — T; in (0, 00) by
).

For low-statistics data, time distributions are often
displayed in the logarithmic representation proposed in
Ref. [43], using the substitution ©# = In¢. The corresponding
probability-density function is

FO) = £ 3L — gt e, (A3)
dv

This logarithmic representation of the same data sample
is illustrated in Fig. 6(b), where the red histogram and curve
correspond to the variable ¢+ = Int. In this representation, the
dead time truncates the left tail of the distribution because suc-
cessfully registered correlation times satisfy ¢t > 7. For the
dead-time-corrected times ' =t — Ty, the logarithmic vari-
able becomes ' = In(t — Ty). The corrected representation is
also shown in Fig. 6(b), where the black histogram and curve
correspond to this shifted variable. The corresponding black
curve has the same functional form as the original red curve,
but is expressed in the corrected variable ¢’ = In(t — Ty). In
this way, the same data sample is mapped from the interval
(Ty, 00) to (0, 00), so that the full shape of the distribution is
restored while the decay constant remains unchanged. No ad-
ditional events are introduced; the data are simply reexpressed
in a variable free of the artificial truncation caused by the dead
time. The position of the maximum remains unchanged and
corresponds to In 7, where T = 1/A.

For the standard exponential distribution, shifting the data
by T, has little practical effect on the fit quality, since the
shape is unchanged and the same information is retained.
In the logarithmic representation, however, the correction re-
stores the full shape of the distribution and increases the
number of useful fitting points.

The constant value subtracted from the measured correla-
tion times does not need to be exactly equal to the dead time.
Any value C satisfying t; — C > 0 improves the shape of the
logarithmic distribution, provided that C is sufficiently close
to 7;. In practice, C may be chosen slightly smaller than the
shortest individual time ;.

APPENDIX B: THE BASELINE CORRECTION

FOR FAST DECAYS

In cases of two subsequent signals separated by very short
times (below ~0.6 ms) and measured in the same channel

9400

\O
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9100
0
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FIG. 7. (a) E, vs Atgr, from the ER-a correlations assigned
to 27Th. Individual red points represent experimentally measured
data. Their fit, the green line, represents the time dependence of the
measured energies. (b) and (c) represent the same effect as in (a),
monitored over the course of the experimental campaign, (b) via ER-
o (*"' At) random correlations and (c) via ER-a(*'"Th) correlations.

of the signal-processing electronics, the energy of the second
signal is strongly affected by the shape of the preceding signal.
In other words, the baseline is not yet restored when the
second signal arrives. This effect leads to a systematic under-
or overestimation of the measured energy of the second signal,
depending on the correlation time. To correct for this effect,
the decay of the signal tail toward the baseline, determined by
the shaping-amplifier parameters, must be characterized. An
empirical correction can be obtained by studying known fast
o decays (see, e.g., Ref. [25], where 216 Ac was used).

In the experiments presented in this paper, the above-
described effect was studied using ER-(*'"Th) correlations,
where 2'"Th (Tj, = 252 us) was produced in the calibration
reaction **Cr 4 '"°Er. The measured energies of individual o
particles from the correlation pairs are shown as a function
of the time difference between the registered ER implantation
and the subsequent a(>'"Th) decay in Fig. 7(a). The experi-
mental data were then fitted to obtain an average correction
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curve, which was later used for correcting CE energies in
ER-CE and «-CE correlations from the isomer decays. The
correction magnitude is determined by a single scaling pa-
rameter proportional to the amplitude of the preceding signal.
This parameter multiplies the full correction function and
thereby consistently modifies both the peak and the pole-zero
undershoot components of the signal response.

During the experimental campaign, the validity of the
correction function was further verified using additional
ER-a(*!'"Th) correlations, shown in Fig. 7(c), as well as ER-
a(?'"At) and ER-a(*''Po) correlations shown in Fig. 7(b).
The latter two are of random origin and were observed in

cases with an increased rate of transfer products *!' At and
211po, which led to an increased probability of random cor-
relations with ER-like events down to the us range despite
their long half-lives. These tests confirmed that the correc-
tion function remained valid throughout the experimental
campaign.

The correction was applied as an average over all 16 elec-
tronic channels, since the available statistics did not allow
for channel-by-channel corrections. Although such averaging
may lead to some degradation of the resolution, the achieved
precision remains on the order of a few tens of keV, as can be
seen in Figs. 7(a), 7(b), and 7(c).
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