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Decay properties of the neutron-deficient Sg isotopes were studied at the gas-filled recoil separator
TASCA at GSI, Darmstadt by using the 52Cr þ 206;208Pb reactions. We report on the discovery of the new
isotope 257Sg. Its ground state, tentatively assigned to have 9=2−[734] configuration, was observed to decay
by both spontaneous fission and α-particle emission with a half-life of 12.6þ3.7

−2.3 ms. The alpha decay from
this high-spin state was followed by fission of 253Rf after 11 μs. In 259Sg, we observed strong evidence for
the occurrence of a K-isomeric state for the first time in superheavy nuclei with 106 protons. The
current experimental findings, discussed within the experimental systematics and theory, indicate that
hitherto unseen features of the shell effect on the fission process may be found in the neutron-deficient
superheavy nuclei.
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The fission of a heavy nucleus, driven by the repulsive
Coulomb force, is a main destructive process for the many-
nucleon systems bound by the attractive nuclear force.
Quantum shell effects counteract the fission process and
prevent the instant disruption of nuclei with Z > 103,
which would otherwise fission on very short (i.e.,
< 10−14 s) timescale and are referred to as superheavy
[1,2]. These effects prolong the spontaneous fission half-
life (TSF), with the effect being stronger when an energy
gap between nucleon orbitals is large. This is well visible in
the measured TSF of the even-even nuclei [3], where all
nucleons are paired, resulting in the total spin J ¼ 0, and
thus, its projection onto the symmetry axis K is 0. This
experimental systematics represents the fission landscape
of the heaviest nuclei.
In the case of odd-A or odd-odd nuclei, fission is addi-

tionally retarded due to the nonzero total spin, i.e., K > 0.
Such single-particle effects lead to TSF that are longer than
those of the adjacent even-even nuclei [3,4]. Theoretically

this was explained to be caused by the conservation of
quantum numbers (e.g., K) during the nuclear-shape evo-
lution from the ground state towards the saddle point [5,6].
The effect of the single-particle configuration on fission,
however, is not yet fully understood while for even-even
nuclei a theoretical description is better established even
though it is still not satisfactory [7].
In this regard, recently acquired data on fission of neutron-

deficient odd-A [8–10] and odd-odd [11] nuclei call for a
revision of the single-particle effect on fission. Among these,
of special interest are the data on 253Rf [9]. The experimental
data obtained in Ref. [9] led to the conclusion that the two
fission activities in 253Rf with half-lives of 9.9 ms and 58 μs
originate from (K ¼ 1=2) and (K ¼ 7=2) states, respec-
tively. This finding, which is in contradiction with the
experimental systematics and with the commonly accepted
concept for a relation between the fission hindrance and the
K quantum number [3,5,6,8,12,13], needs to be confirmed.
A complementary approach is to investigate fission from a
state in 253Rf that is selectively populated via α decay from
the hitherto unknown 257Sg.
On the other hand, the experimental data on K-isomeric

states in Fm-Ds isotopes [14–18] show that fission of such
states is largely hindered, which supports an impact of the
K quantum number on fission. This was most prominently
observed in the recently discovered 252Rf [18], where a
high-K state lives about 200 times longer than its 60-ns
ground state. This confirmed the anticipated approach for
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the synthesis of the extremely short-lived nuclei in the
vicinity of the isotopic border (where the nucleus’ TSF is
< 10−14 s) via long-lived K-isomeric states [19–24]. The
next step is to explore the isotopic border in Sg isotopes,
where, however, no K-isomeric state was reported yet.
In this Letter, we report on the discovery of the new

isotope 257Sg, on the study of fission of its α-decay daughter
253Rf, and on the evidence for a K-isomeric state in 259Sg.
The experiment was carried out at the gas-filled recoil

separator TASCA [25] at GSI Helmholtzzentrum für
Schwerionenforschung, Darmstadt, Germany. A 52Cr14þ
beam, produced from a Penning-ion-gauge ion source, was
accelerated by the Universal Linear Accelerator UNILAC
to an energy of 257.5 MeV, delivered in 5-ms-long pulses
with 50-Hz repetition rate. The four-segment target wheel
was rotating synchronously with the beam-pulse structure
[26]. Irradiation of a particular segment by a beam pulse
was tracked by two binary signals. The average beam
intensity on the target was ≈7 × 1012 particles per second.
First, we measured the known 52Cr þ 208Pb reaction [27]

to find the optimal beam energy (Eb) for the 1n evaporation
channel. This was performed with four 208PbS targets (Run
1) and later with two 208PbS (Run 2) target segments. The
two other segments in Run 2 were 206PbS. Finally, all
targets were 206PbS (Run 3). The average thickness of
targets was ≈0.75 mg=cm2. The beam energies in the
middle of the targets were Eb ¼ 252.4 (Run 1) and
250.8 MeV (Run 2) for the 52Cr þ 208Pb reaction
[Fig. 1(a)]. Three beam energies of Eb ¼ 252.4 (Run 2),
251.6 (Run 3), and 249.0 MeV (Run 3) were used for the
52Cr þ 206Pb reaction [Fig. 1(b)].
The evaporation residues (ERs) were separated from the

primary beam and products of other reactions by the gas-
filled recoil separator TASCA, operated with 0.8 mbar
helium and set to a magnetic rigidity (Bρ) of 2.14 Tm
[28,29]. The efficiency of TASCA to guide ERs to the focal
plane was estimated to be 60% [28,30,31]. At the focal
plane after passing through 3.6-μm-thick Mylar foil, ERs
were implanted into a double-sided silicon detector with
144 vertical (X) and 48 horizontal (Y) strips on the front
and back sides, respectively. Signals from the implantation
and subsequent decays were acquired from both X and Y
strips with preamplification ranges up to about 20 and
200 MeV, respectively. The data acquisition system was
triggered by X and/or Y strip signals. In the present
experiment, only 118X-strips were read out. The energy
resolution (FWHM) was about 50 keV for 5.8-MeV α
particles. All signals were digitized by 100-MHz-sampling
14-bit FEBEX4 analog-to-digital converters [32,33] and
were stored in 80-μs-long traces [34]. Two-bit signals from
the target-rotation control system providing tagging of the
irradiated target segment were read out for each event
trigger; the rate was ≈60 Hz.
Decays of Sg isotopes were searched for via ER–FI

(Δt < 1 s), ER–α (Δt < 10 s), and α–FI (Δt < 10 s)

correlations requiring the same X and Y strips. Data rates
for ER-like (beam-on) and α-like (beam-off) events with
energies of 10–25 and 8–10 MeV, respectively, were
≈12 Hz and ≈0.01 Hz. Beam-on and beam-off events in
the ranges of (90–200) MeV and (60–200) MeV, respec-
tively, with counting rates of ≈0.01 Hz were considered to
be fission signals (FI). Once a correlation was found, an
event-by-event analysis was performed for each candidate
to reconstruct the full Sg decay sequence.
In the 52Cr þ 208Pb reaction (Runs 1 and 2), one and four

chains representing ER–FI and ER–α–α=FI sequences,
respectively, were observed and attributed to 258Sg and
259Sg. In Fig. 1(c), the correlation times Δt of these Sg
events are shown in comparison with the expected decay-
time distributions [35] for 258Sg [36] and 259Sg [36]. Details
of the observed α-decay chains together with their negli-
gibly low calculated random probabilities are given in
Ref. [37]. Cross-section values deduced from these events
shown in Fig. 1(a) differ from the ones reported in Ref. [27]
but are in line with excitation functions calculated by the
statistical code HIVAP [35], with the parameters describing
the 54Cr þ 207;208Pb reactions [41,42].
In Run 2, where two 206Pb target segments were irradiated

at Eb ¼ 252.4 MeV, one ER–FI event with Δt ¼ 42 ms
was observed. This event was considered to originate from
the 1n channel of the 52Cr þ 206Pb reaction. Based on the
cross section of this one event and the HIVAP results [see
Fig. 1(b)], the beam energy was lowered to accumulate
higher statistics and to measure the excitation function for
the 1n channel. We observed further 21 and 1 ER–FI events
with Δt < 1 s at Eb ¼ 251.6 and 249.0 MeV, respectively.
The total number of randomly correlated ER–FI events was
calculated to be three. Individual Δt values of all ER–FI
events, including the one from Run 2 are shown in Fig. 1(d).
In addition, one ER–α(9.30 MeV) event with Δt ¼ 8 ms
was observed at Eb ¼ 251.6 MeV. Based on its Δt being
similar to those of the ER–FI sequences it was attributed to
originate from the same nucleus. The time distribution of all
these 24 (23 FI and 1 α) events [see Fig. 1(d)] was fitted with
a decay-time distribution according to Ref. [35] and a half-
life of 12.6-ms was deduced. According to the fit, the two
ER–FI events with the longest Δt do not belong to the 12.6-
ms activity; thus, they are assigned to be random events. This
is in line with the above mentioned expected number of
random events.
Figure 1(d) reveals one more noticeable deviation. Based

on the total number of events (22) assigned to the 12.6-ms
activity, 0.3 events with Δt < 0.2 ms are expected to be
observed instead of the two. These twoER–FI eventswithΔt
of 58.2 μs and 108.9 μs may originate from a different state
in 257Sg. An origin from hitherto unknown 256Sg is unlikely
because a negligibly low cross section for the 2n channel at
Eb ¼ 251.6 MeV is predicted by HIVAP [see Fig. 1(b)].
Alpha-decay branching of the 12.6-ms state, estimated

as ≈0.1, results in a partial half-life (Tα) of ≈0.13 s.
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This experimental value is in good agreement with Tα ¼
0.17þ0.16

−0.06 s calculated for 257Sg with the semiempirical
formula from Refs. [44,45] by using the measured
Eα ¼ 9.30ð7Þ MeV. Furthermore, the ER–αð9.30 MeVÞ
sequence was terminated by a fission, which was detected
in the trace of the α event. As seen in Fig. 1(e), a high-
energy fission signal was recorded 11 μs after the α signal.
Accordingly, this high-energy signal was attributed to the
decay of the known 52.8-μs fissioning state in 253Rf [8,9]
and the observed ER–α–FI chain from the 12.6-ms state
was unambiguously assigned to originate from 257Sg. Thus,
the fission events from the 12.6-ms state also originate from
257Sg. Cross sections of these events shown in Fig. 1(b) are
in agreement with the expected 1n excitation function of
the 52Cr þ 206Pb reaction.
The suggested decay scheme for 257Sg is shown in Fig. 2.

The 12.6þ3.7
−2.3 ms activity was tentatively attributed to the

9=2−½734� ground state in analogy to the well-established
ground-state systematics for the lighter N ¼ 151 isotones.
For comparison, the decay scheme of 255Rf [46–48] is also
shown in Fig. 2. As seen in this isotone, two types of
isomeric states (single-particle low-lying 5=2þ½622� and
higher-lying high-K) decaying via electromagnetic transi-
tions exist. However, based on experimental evidence
[12,24] that direct fission from high-K isomeric states is
strongly hindered, the 60-μs fission could originate from a
low-lying 5=2þ½622� state. According to thewell-established

systematics for the lighter N ¼ 151 isotones [49], the
5=2þ½622� states decay electromagnetically with half-lives
in the order of tens of μs with a large internal-conversion
branching. Therefore, we searched for conversion-electron
(CE) signals in all ER traces assigned to 257Sg, but nonewere
found above the ≈30 keV noise level. Accordingly, we
cannot prove the 5=2þ½622� nature for the 60-μs fission
events and the assignment given in Fig. 2 is tentative. At the
same time, the nonobservation of CE suggests that no high-
K state in 257Sg decaying within a time range of 1–80 μs was
populated with a probability larger than 5%.
Eventually,K isomers with μs half-lives in Fm-Rf [14–18]

are typically produced in fusion-evaporation reactions with
significantly large (< 50%) population probabilities [29,51–
55]. In this regard, we also inspected the ER traces of events
assigned to decays of 258Sg and 259Sg for the presence of
CEs. In one of the four ER traces of 259Sg, a CE signal with
an energy of 0.25 MeV was recorded 40 μs after the ER as
shown in Fig. 1(f). We consider this ER–CE event as strong
evidence for the presence of a high-K isomeric state in 259Sg.
The roughly estimated population probability is 25% (1=4).
Our result on thegroundstate of 257Sgconfirms that fission

is a dominant decay mode in the heavy neutron-deficient
nuclei. Nevertheless, fission hindrance induced by the high-
spin 9=2−½734� level enabled the α transition between 257Sg
and 253Rf. The excitation energy of the 9=2−½734� state in
253Rf cannot be estimated with the evaluated atomic mass
table [56] since the ground-state to ground-state Qα value

FIG. 1. The experimental and theoretical (HIVAP [43]) cross sections of the (a) 52Cr þ 208Pb and (b) 52Cr þ 206Pb reactions are shown
by symbols and lines, respectively. The used target segments for Run 1 (R1), Run 2 (R2) and Run 3 (R3) are illustrated for each reaction.
Circles and squares correspond to the experimental cross sections for the 1n and 2n channels, respectively. Open and solid symbols are
the data from Ref. [27] and from this work, respectively. The cross-section values from Run 2 with two 208Pb target segments shown in
(a) are plotted at slightly shifted energies around the used beam energy of 250.8 MeV for better visibility. In (c), the correlation times
(Δt) of one fission and four α events measured with 208Pb and assigned to the decays of 258Sg and 259Sg are shown. In addition, expected
time distributions ([35]) for the known decays of 258Sg [36] and 259Sg (259gSg: ground state and 259m1Sg: isomeric state) [36] are shown.
In (d), the time distribution of 23 fission events and one α event measured with 206Pb is shown together with each individual Δt. The
fitted decay-time distribution with a half-life of 12.6 ms attributed to the decay 257Sg is shown. (e) X-strip trace of the α event with a
following high-energy fission signal, which terminates the ER–αð257SgÞ–FIð253RfÞ chain. (f) X-strip trace of the ER event of the ER–α–
FI chain assigned to 259Sg. The implantation signal is followed by a low-energy signal, which was assigned to a conversion electron (CE)
from the hitherto unknown isomeric state (259m2Sg) in 259Sg. See text for details.
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for 257Sg is not tabulated. The theoretically predicted Qα
values largely deviate from model to model and are
sensitive to the nuclear masses calculated with a shell
effect at N ¼ 152 [57–61].
In the N ¼ 149 isotones (251No, 245Cm, and 243Pu

[50,62–65], 9=2−½734� excited states are feeding into the
7=2þ½624� ground state, bypassing the 1=2þ½631� state (see
Fig. 2). Based on this, the 11-μs fission following the α
decay of 257Sg likely originates from the 7=2þ½624� state in
253Rf. This agrees with results from Ref. [9], where the
52.8-μs fissioning state was populated in the deexcitation of
a high-K isomeric state and, thus, was assigned to have a
7=2þ½624� configuration. Actually, this 52.8-μs state has
also been observed to be populated in the decay of another
tentatively assigned 0.6-μs isomeric state in 253Rf [8]. A
similarly short-lived K isomer decaying predominantly into
the 9=2−½734� state, which in turn deexcites into the
ground-state band is known in the lighter 251No isotone
(see Fig. 2) [50]. Finally, all these findings on fission from
253Rf support the decay scheme proposed in Ref. [9], where
a high-K state is more fissile than a low-K state, which
contradicts the systematics as known to date [3,4].
However, prior to drawing a final conclusion, decay
patterns of two high-K isomeric states, of the 9=2−½734�
state and lower-lying states in 253Rf have to be established.
In Figs. 3(a) and 3(b), currently known experimental TSF

for Rf and Sg isotopes are shown together with the
theoretical values from Ref. [66]. The fission half-lives
of both known states in 253Rf are longer than the “unhin-
dered” TSF defined as a geometric mean of two half-lives of
the neighboring even-even nuclei [4,5]. In this regard, the
fission from the 9=2− ground state of 257Sg is certainly

hindered as TSFð257SgÞ is longer than TSFð258SgÞ and
towards the hitherto unknown 256Sg, a decrease in TSF

by a factor of about 3 × 102 (relative to 258Sg) is anticipated
according to the theory as seen in Fig. 3(b). By taking the
theoretically predicted TSFð256SgÞ ¼ 6 μs one can estimate
a hindrance factor of HF ≈ 102. On the other hand, the
same state known in the lighter 255Rf isotone has a larger
HF ¼ 8.2 × 103 [3]. Apparently, by taking this larger HF
for 257Sg, one can roughly estimate a lower limit for
TSFð256SgÞ ≈1 ns, which is more than 3 orders of magni-
tude shorter than the theoretically predicted value of 6 μs.
This could indicate that a sudden fall in TSF of 256Sg
compared to theory is not excluded.
In general, theoretical predictions from Ref. [66]

describe quite well the plateaulike TSF trends in both Rf

FIG. 2. Suggested decay schemes for 257Sg and for the daughter
253Rf [8,9] are shown in comparison with simplified ones for
255Rf [46–48] and 251No [50]. Single-particle levels, half-lives,
and excitation energies (in MeV) are given. Levels and decays
given by dashed lines and configurations in brackets have
tentative assignments. Levels drawn with shorter lines mark
the K-isomeric states. Data for 253Rf were taken from the recent
works [8,9].

FIG. 3. The spontaneous fission half-lives of (a) Rf and (b) Sg
isotopes are shown as a function of the neutron number.
Horizontal dashed lines correspond to 1 ms and 10 ns. The
experimental data are taken from Ref. [3], and even-even and
even-odd nuclei are marked with solid and open symbols,
respectively. The half-life for 252Rf is taken from Ref. [18].
The presently measured value for 257Sg is highlighted. Theoreti-
cal half-lives for the even-even Rf and Sg isotopes are from
Ref. [66] and are given by dashed lines in (a) and (b). The
corresponding dynamical fission-barrier heights for Rf and Sg
[66] are shown in (c). In the case of odd-A nuclei, the vertical
dotted line indicates the fission hindrance relative to the geo-
metric mean of the half-lives of the two neighboring even-even
nuclei [4,5]. A hindrance factor (HF) for 255Rf and spin parities of
states relevant to the discussion are given. The expected half-life
range for the hitherto unknown 256Sg is marked by the shaded
region. See text for details.
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and Sg with N ≥ 152 but with noticeable deviations for Sg
towards N ¼ 162. In Fig. 3(c), heights of fission barriers
are shown, which account for fission dynamics on the
potential energy surface, from which the theoretical TSF
were calculated. These correspond to the single-humped
barriers since the outer barrier of superheavy nuclei is
commonly agreed to disappear in the region of Z ¼
104–108 [66–70]. As seen, the overestimated half-lives
of Sg isotopes around N ¼ 162 are mainly due to larger
calculated fission-barrier heights. In the region of neutron-
deficient nuclei, theory predicts Sg to have lower fission
barriers compared to the Rf isotones, which result in shorter
half-lives [cf. Figs. 3(a) and 3(b)]. Thus, if a sudden fall in
the TSF of 256Sg occurs relative to the theory then it has to
be associated with a significant reduction in the calculated
fission-barrier height for 256Sg. On the other hand, the
recent analysis of the fission-barrier widths carried out in
Ref. [71] showed that the outer fission barrier may appear
back in cases of the even-even 258–266Sg isotopes. If this will
be the case then one can expect a sudden decrease in the
TSF-trend in the even-even neutron-deficient Sg isotopes
with N < 152 caused by the transition of the fission-barrier
shape from double humped to single humped.
Nevertheless, these discussions show the necessity for
the expansion of the experimental TSF systematics of Sg
isotopes, i.e., for the synthesis of 256Sg, for which a half-life
in the range of 1 ns − 6 μs is to be expected.
In this Letter, we present the results on neutron-deficient

Sg isotopes produced in the 52Cr þ 206;208Pb fusion-
evaporation reactions. We discovered the new isotope
257Sg, which decays by spontaneous fission and α-particle
emission with a half-life of 12.6þ3.7

−2.3 ms. The observed α
decay, attributed to originate from the 9=2− ground state,
populates a state in 253Rf, which underwent fission after
11 μs. This supports the recent observation reported in
Ref. [9], which led to the assignment of a 58-μs fission
to originate from a high-spin 7=2þ state. More detailed
experimental data on 253Rf are necessary for the final
verification of the above assignment. In addition, we
observed strong evidence for the occurrence of aK-isomeric
state in 259Sg. The fission half-life of 257Sg, discussed within
the systematics of the fission hindrance caused by the K-
quantum number led to the conclusion of a possible sudden
fall (down to ≈1 ns) in the fission half-life of the hitherto
unknown 256Sg, for which theory predicts 6 μs. Such a
scenario would represent a hitherto unseen feature in the
fission-landscape of superheavy nuclei highlighting the
need for further exploration of the fission phenomena.
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