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Synthesis and decay properties of isotopes of element 110: 273Ds and 275Ds
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The 232Th(48Ca, 5n)275Ds and 238U(40Ar, 5n)273Ds reactions have been studied at the gas-filled separator
DGFRS-2 at the Superheavy Element Factory at Flerov Laboratory of Nuclear Reactions, Joint Institute for
Nuclear Research. For the first time, a new isotope 275Ds with a half-life of 0.43+0.29

−0.12 ms and α-particle energy
of 11.20 ± 0.02 MeV was synthesized in the 48Ca-induced reaction with the actinide nucleus and identified by
measuring correlated α decays ending in known nuclei. The decay properties of nuclei originating from 273Ds
and 275Ds are compared with theoretical calculations and decay schemes are proposed. The cross sections of the
232Th(48Ca, 5n)275Ds reaction of 0.11+0.46

−0.09 and 0.34+0.59
−0.16 pb were measured at excitation energies of the 280Ds

compound nucleus E∗ = 51 and 56 MeV, respectively. The cross section of the 5n-evaporation channel of the
238U + 40Ar reaction at E∗ = 49 MeV of 0.18+0.44

−0.12 pb turned out to be comparable to that for 275Ds at close
excitation energy.
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I. INTRODUCTION

It is known that the existence of transactinide elements
(Z� 104) is directly determined by the structure of their nu-
clei. The decay properties of more than 100 isotopes obtained
over 50 years in experiments on the synthesis of elements
with Z = 106−118 have generally confirmed the predictions
of the shell model of the nucleus about the existence of regions
(islands) of stability. This circumstance has greatly changed
previously existing ideas about the limits of the masses of
nuclei. Now, according to the decay properties of superheavy
nuclides, it has been established that the boundary of the
masses of the nuclei shifts to the region A� 300. In theory,
the phenomenon of the amazing survivability of the heav-
iest nuclides is explained by the appearance and action of
new closed nuclear shells of protons Z = 108 and neutrons
N = 162 (deformed nuclei), and heavier (superheavy) nuclei
with Z = 114−126, N = 184, which in the ground state have
a spherical shape, like the doubly magic 208Pb.

Of particular interest are also the nuclei located between
the above shells, where the effect of the shells is minimal,
the nuclei in the ground state change shape, the height of the
fission barrier is almost halved, and their stability decreases
significantly, both with respect to α decay and spontaneous
fission (SF). This is the region of nuclei in the vicinity of Z =
110−111 and N = 168−170.

Studies of such nuclei have been extremely limited until
recently due to the very small cross section of their forma-
tion. Now, after receiving intense beams at the new DC280

accelerator and commissioning the new DGFRS-2 recoil sep-
arator at the Superheavy Element Factory (SHE Factory) at
Flerov Laboratory of Nuclear Reactions (FLNR), Joint In-
stitute for Nuclear Research (JINR), we return to this task
again. In the recently completed first experiment, in the fusion
reaction 232Th + 48Ca, a new isotope of element 110 with
a mass of 276 was synthesized for the first time in the 4n-
evaporation channel [1]. For the new isotope 276Ds, the decay
properties and the cross section of its formation (σ ≈ 0.7 pb)
were determined. The α decay products of 276Ds were also
previously unknown isotopes of elements 108 and 106: 272Hs
(N = 164) and 268Sg (N = 162). The energies and probabili-
ties of α decay and spontaneous fission were also determined
for them. Note that all members of the radioactive family
276Ds(α, SF) → 272Hs(α) → 268Sg(SF) are located in prox-
imity to the doubly magic 270Hs with closed deformed shells
Z = 108, N = 162. The new nuclides, according to the theory,
also belong to the family of nuclei with large deformations.

The present paper is a continuation of these studies. In
the 232Th + 48Ca reaction, the excitation energy of the 280Ds
compound nucleus was increased, which made it possible for
the first time to synthesize odd isotope 275Ds (N = 165) in the
5n-evaporation channel and determine its decay properties.
Another lighter isotope, 273Ds (N = 163), was also pro-
duced in the 5n-evaporation channel of the 238U + 40Ar fusion
reaction.

The experiment is described below, and experimental data
are presented.
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TABLE I. The 232Th and 238U target thicknesses; reaction-specific laboratory-frame projectile energies Elab in the middle of the target
layers; resulting excitation energy E∗ intervals (with use of mass tables [4,5]); total beam doses; the numbers of observed decay chains of
276Ds (4n), 275Ds (5n), and 273Ds (5n); and the cross sections σ of their production.

Target thickness No. of chains
Reaction (mg/cm2) Elab

a (MeV) E∗ (MeV) Beam dose ×1019 4n/5n σ4n (pb) σ5n (pb)

232Th + 48Ca 0.65 250.6 48.9–52.3 2.0 1/1 0.11+0.46
−0.09

b 0.11+0.46
−0.09

257.0 54.2–57.5 3.2 0/5 <0.2 0.34+0.59
−0.16

238U + 40Ar 0.69 212.2 47.5–50.7 3.2 0/2 <0.3 0.18+0.44
−0.12

aThe beam energy was measured with a systematic uncertainty of 1 MeV.
bThe result for the 4n-evaporation channel taken from Ref. [1].

II. EXPERIMENT

The experiments were performed at the gas-filled separa-
tor DGFRS-2 [2] online to the new cyclotron DC280 at the
SHE Factory at FLNR, JINR [3]. Some parameters of the
experiments, as well as a number of the observed nuclei and
cross sections of their production in the 232Th + 48Ca and
238U + 40Ar reactions, are listed in Table I.

Twelve target sectors were produced by electrodeposition
on 0.62-mg/cm2 Ti backing and were mounted on a disk with
a diameter of 24 cm, which was rotated at 980 rpm, similar to
Refs. [1,6]. The α activity of the targets used is quite small.
For periodical monitoring of the stability of the target during
the experiment, we added about 15–20 µg of 243Am to the
target, which allowed us to register 5.3-MeV α particles by
the focal detector after changing the setting of the DGFRS-2
magnets for their maximum transmission. The beam intensity
at the target was reduced to 3 p µA, compared with Refs. [1,6].

The nuclei recoiling out from the target pass through hy-
drogen at a pressure of 0.9 mbar inside DGFRS-2, 0.7-µm
Mylar separating foil, two multiwire proportional chambers
located in pentane at a pressure of 1.6 mbar, and are im-
planted into detectors. The separator magnetic rigidities were
set to 2.43 and 2.56 T m in experiments with 232Th and 238U,
respectively.

The focal detector consisted of two 48 × 128-mm2 double-
sided strip detectors [BB17 (DS)-300] with 48 1-mm hori-
zontal strips on the front side and 128 1-mm-wide vertical
strips on the back one. The first detector shielded a part of
the rear detector. The back strips were paired together to
form 110 strips of 2-mm width. This detector was surrounded
by eight 60 × 120-mm2 side detectors (W4-300), each with
eight strips, constituting a box with a depth of 120 mm. The
signals in the focal and side detectors with amplitudes above
thresholds of ≈0.2 and ≈2.7 MeV, respectively, were recorded
independently by digital and analog data acquisition systems
(see Refs. [1,2,6–9] for details).

III. RESULTS AND DISCUSSION

The energies of α particles or spontaneous fission frag-
ments and decay times of nuclei in the decay chains of 275Ds
observed in the 232Th + 48Ca experiments are shown in Fig. 1.

The decay properties of daughter and descendant nuclei of
275Ds are in good agreement with those observed in the five α-
SF chains and one α-α-SF chain in the 248Cm + 26Mg reaction

and assigned to the parent nucleus 271Hs [10], namely, 271Hs
(T1/2 ≈ 4 s, Eα = 9.13 ± 0.05 and 9.30 ± 0.05 MeV), 267Sg
(Eα = 8.20 ± 0.05 MeV, ba/SF = 0.17/0.83, T1/2 = 80+60

−20 s),
and 263Rf (TSF = 8+40

−4 s). Thus, for the first time, a new
superheavy nucleus was produced in the reaction of 48Ca with
an isotope of an actinide element, 232Th, and was identified by
the method of genetic relations [11]. This was done by estab-
lishing a unique relationship between the radioactive decays
of 275Ds and the known properties of its descendants 271Hs,
267Sg, and 263Rf.

At the same time, our new results can be considered a
confirmation of the results [10] that were obtained by one
group with the use of the same apparatus. In addition, the
data from Ref. [10] previously contradicted results, where SF
activity with TSF = 10 − 24 min was observed after a specific
group-4 chemical separation and was attributed to 263Rf, the
product of a ≈3% electron capture branch for 263Db (see
Ref. [12] and references therein). Thus, the results of Ref. [10]
and this paper did not confirm the assumption of the existence
of such a decay mode for 263Db.

In the experiments [10], a rapid chemical isolation of Hs
isotopes was used, which does not allow measuring the decay
times of the mother nucleus. On the other hand, the measured
lifetimes of the daughter nucleus 267Sg varied in the range
from 30 to 264 s, but the interval for registration of α-α
and α-SF sequences did not exceed 300 s. As can be seen
in Fig. 1, four of the six chains could not be registered in
the 248Cm + 26Mg experiment [10]. Under these experimental
conditions, the method of determining the half-life proposed
in Ref. [13] could not be used. Another method [14], which
provides an opportunity to obtain estimates of the half-life
with a limited measurement interval, does not allow one to
determine the upper limit of the half-life for the observed set
of decay times. For the calculation of the half-life of 267Sg,
we used method [14], and the results of this paper have been
added by the data from Ref. [10] with a measurement interval
of 300 s.

In the decay chains observed in Ref. [10] for 271Hs, one
can notice a feature: five chains that began with α decay with
Eα = 9.1 MeV ended with SF with decay times τ = 30–264 s,
and in one chain with Eα = 9.3 MeV of the first decay an
additional α decay with Eα = 8.2 MeV and τ = 149 s was
detected, which was followed by SF after 12 s. A similar
decay pattern was observed in the chains shown in Fig. 1:
in three chains with Eα = 9.05 MeV of 271Hs, subsequent
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FIG. 1. Decay chains originating from 275Ds observed in the 232Th + 48Ca reaction at the projectile energies E1 = 250.6 MeV and
E2 = 257.0 MeV. The rows on the right side show evaporation residue (ER, blank square) energies and vertical and horizontal positions
on the detector (in mm). The left rows provide the α particle [in yellow (light gray)] and SF [in green (dark gray)] energies and time intervals
between the events. The energies of the summed signals are given in parentheses. The events marked with a shadow were registered during
the beam-off periods (see Refs. [1,2,6–9] for details). The α-particle energy errors are shown by smaller italic numbers. The probabilities of
random origin of two events Pran are shown; these particles escaped the focal detector, leaving low energy in it, but did not enter the side
detector.

SF was recorded with τ = 1–358 s, and in the other three
chains of 271Hs with Eα = 9.34 MeV subsequent α decays
with Eα = 8.27 MeV and τ = 762–967 s were also registered,
which were then terminated by SF with τ = 1–11 s.

The measured α-particle energies of the mother nucleus
275Ds are similar, and the decay times do not indicate possible
decays with different half-lives. In particular, the standard
deviation of the logarithm of the measured decay times
[σ (lnt )exp = 1.35] of 275Ds satisfies the criterion proposed in
Ref. [15] for a single exponent (σlim = 0.48−1.89). However,
some difference in the α-particle energy of 271Hs and in the
decay mode of the subsequent isotope 267Sg, observed in

two different experiments, suggests the presence of decays
through different excited levels.

Therefore, we evaluated the properties of isotopes 271Hs
and 267Sg separately for different decay branches. It turned out
that not only do these isotopes decay with different α-particle
energies (271Hs) or decay modes (267Sg), but their half-lives
also differ markedly. Moreover, the errors in determining the
half-lives do not overlap for a confidence level of 68%. The
experimental decay properties of nuclei in the 275Ds chain are
given in the first five columns of Table II.

We also estimated the hindrance factors for α-decaying
nuclei as HF = T exp/T calc, where experimental half-lives were
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TABLE II. Summary of decay properties of nuclei synthesized in the 232Th + 48Ca reaction in the present paper. The first three columns
show the nucleus, decay mode, and experimental half-life. The next five columns show α-particle energy Eα , α-decay energy Qα , as well as
calculated spin and partial half-lives with respect to α decay and SF.

Nucleus Decay mode T
exp
1/2

Eα (MeV)a Qα (MeV)a Spin T
calc

a
T

calc
SF

275Ds α 0.43+0.29
−0.12 ms 11.20(2) 11.37(2) 3/2 0.22 ms 2.0 s

271Hs α 7.1+8.4
−2.5 s 9.05(2) 9.18(2) 3/2 5.1 s 6.0 min

271Hs α 46+56
−16 s 9.34(2) 9.48(2) 11/2 63 s 21 h

267Sg SF 100+92
−39 sb 1/2 16 h 140 s

267Sg α 9.8+11.3
−4.5 minb 8.27(2) 8.40(2) 9/2 6 min 2.9 h

263Rf SF 5.1+4.6
−1.7 sb 1/2 0.5 h 6.4 s

aEnergy uncertainties (standard deviations) given in parentheses correspond to the data with the best energy resolution.
bHalf-lives are calculated from the results of Ref. [10] and the present paper.

taken from Ref. [10] and this paper and calculated ones from
several formulas for even-even nuclei. Among the many for-
mulas available in the literature, we used the Viola-Seaborg
formula with the parameters fitted in Ref. [16], as well as the
formula in Ref. [17], which was used in spectroscopy studies
of superheavy nuclei (see Ref. [18] and later works, e.g.,
Ref. [19]). In addition, we used three more recently proposed
formulas [20–22], which were chosen taking into account the
standard deviation of log10[T exp/T calc] values for 12 known
even-even nuclei with Z = 106−114, including 276Ds and
272Hs [1]. These standard deviations range from 0.16–0.17
[17,20,21] to 0.21 [16] and 0.24 [22]. For the same isotopes,
the average differences of log10[T exp/T calc] were determined,
and these shifts, which varied from −0.04−0.14 [16,21,22]
to 0.35 [17] and 0.48 [20], were then taken into account
when calculating T calc. These hindrance factors are shown
in Fig. 2 separately as intervals determined by formulas in
Refs. [16,17,20,21] and a value obtained by the formula in
Ref. [22], since in all cases the latter value falls out of the
intervals, possibly due to the maximum standard deviation
of all.

Using the experimental Qα values, α-decay and spon-
taneous fission half-lives T exp

SF, α, and the fission model of
Refs. [23,24], we extract the decay schemes (the spins and
energies of the one-quasiparticle states) for isotopes stemming
from the α-decay chain of 275Ds (see Fig. 2 and Table II). An
advantage of the employed fission model is the simultaneous
description of the α decay and SF from ground and isomeric
states of both even-even and even-odd nuclei with the same
set of parameters. The main assumption of this model is that
charge asymmetry, as the corresponding collective variable, is
responsible for these processes. The SF and α-cluster states
are fully described by the stationary Schrödinger equation
in the charge asymmetry coordinates. The calculated abso-
lute values of SF and α-decay half-lives of even-even and
even-odd nuclei in the ground state are in good agreement
with the existing experimental data [1,7,23]. As shown for
the fissioning even-odd nuclei [24], the centrifugal potential
strongly affects the shape of the driving potential in the re-
gion of asymmetric dinuclear systems (especially the system
with α particles as the light cluster), increasing the potential
energy, for example, the height of the potential barrier, and

finally creating the fission hindrance. So, the origin of the SF
hindrance is related to the spin dependence of the formation
probabilities of the asymmetric and symmetric binary cluster
configurations, which are attributed to SF, and the hindrance
factor is the degree of spin-hindered fission. This fact allows
us to predict the spin of a quasiparticle state, knowing its
experimental half-life and Qα value.

The extracted one-quasiparticle spectra and the most prob-
able α decays and SF are presented in Fig. 2 for the nuclei of
the α decay chain containing 275Ds (Table II). Odd-A nuclei
mainly decay by emitting an α particle to the states with a
similar spin and parity in the daughter nuclei. The ground state
of 275Ds decays to the long-lived isomeric state 3/2 in 271Hs.

FIG. 2. A proposed experimental and calculated decay scheme
for 275Ds based on present and previously published data [10]. Alpha
or γ transitions to approximate one-quasiparticle states and SF de-
cays are shown by red (solid), blue (dashed), and green (dotted) lines,
respectively. Alpha-decay energies (Qα) and half-lives are provided
for states decaying by α decay (Tα) or spontaneous fission (TSF).

Hindrance factors HF = T exp
1/2 / T calc

1/2 were derived from experimental

and calculated half-lives according to Refs. [16,17,20–22] (see text).
Population probabilities P of energy levels for 271Hs are based on
experimental data [10] and this paper.
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FIG. 3. The same as in Fig. 1, but for 273Ds observed in the 238U + 40Ar reaction at the projectile energy of 212.2 MeV. The time interval
for an α particle with Eα = 8.397 MeV following a “missing α” was measured from a preceding α decay with Eα = 11.017 MeV and is shown
in italic.

The ground state 11/2 of 271Hs is partly populated by the
deexcitation of this higher-lying isomer. The α decay of 271Hs
occurs from both the ground state (11/2) and the isomeric
state (3/2). The further decay channels are the following:

271Hs(3/2) → 267Sg(3/2) → 267Sg(1/2) → SF

and

271Hs(11/2) → 267Sg(11/2)→ 267Sg(9/2) → 263Rf(9/2)

→ 263Rf(1/2) → SF.

In the first case, the excited state 3/2 of 267Sg is populated,
from which γ decay to lower-lying low-spin isomeric state
1/2 leads to the SF of 267Sg. As seen in Fig. 2, the α decay
from the ground state 11/2 of 271Hs only populates the states
with large spin (9/2, 11/2) in 267Sg and 263Rf. However,
in 263Rf, the cascade of γ transitions from higher state 9/2
populates low-spin ground or isomeric states, leading to the
SF. Thus, the SF in 267Sg and 263Rf is related to the lowest-
spin (1/2) isomeric or ground states. As is clear, the SF from
low-spin states occurs faster than from high-spin states in
an odd-A nucleus. Note that the presence of isomeric states
1/2 and 3/2, respectively, in 267Sg and 271Hs is predicted in
Ref. [25].

In the 238U + 40Ar reaction at an excitation energy of 49
MeV, the 5n-evaporation channel is the most likely. The iso-
tope 273Ds was previously identified in five decay chains of
277Cn [26,27]. Note that the properties of the nuclei in the
decay chains of isotopes 272,274,275Ds −products of the 6n, 4n,
and 3n channels, respectively—differ from the properties of
the nuclei in the chains shown in Fig. 3. Namely, the α-particle
energies of the nuclei in the 273Ds chains differ from the
properties of the nuclei in the 275Ds decay chains, a product
of the 3n channel of this reaction (compare with the data in
Fig. 1 and Table II).

The properties of even-even nuclei in the decay chains of
272,274Ds −products of the 4n- and 6n-reaction channels, the
decay of which through ground states with certain energies
is more likely—also differ from those shown in Fig. 3. For
example, from empirical systematics of α-decay energies vs
neutron number, one can expect the energy of α particles of

about 11.4 and 10.5 MeV for 274Ds and 272Ds, respectively
(see, e.g., Fig. 2 in Ref. [1]). The Eα values for 270Hs and
268Hs are known, viz., 9.02 [28], 8.88 [10], or 9.02 MeV [29]
for 270Hs and 9.48 MeV [30] for 268Hs. For the final sponta-
neously fissioning nuclei of 266Sg and 264Sg, the half-lives are
300 ms [10,28,29] and 68 ms [31], respectively.

Therefore, we assign the observed chains to the isotope
273Ds (see Fig. 3). The existence of two states in the isotopes
265Sg and 261Rf (hereinafter referred to as 265S ga, 265S gb,
261R fa, and 261R fb) was proposed in Ref. [32]. Spontaneous
fission was observed only in one of the two decay branches
of the isotope 261R fb with TSF = 2.6+0.7

−0.5 s [33], and no SF
was recorded for 257No (SF branch <0.015 [31]). Thus, the
last nucleus in the chains should be attributed to the isotope
261R fb.

The measured α-particle energy and the decay time for
273Ds in the first (left) decay chain shown in Fig. 3 are in
agreement with the values observed in Refs. [26,27] [Eα =
11.03 ± 0.08−11.20 ± 0.05 MeV (full width at half maxi-
mum), τ = 0.04–0.52 ms]. The same values for 265Sg and
261Rf in both chains do not contradict the known values for
their decay path marked with index “b,” e.g., Eα = 8.47 ±
0.05−8.90 ± 0.13 MeV (full width at half maximum) and τ

= 2.5–95.3 s for 265S gb [26,27,32,33].
The half-life of 273Ds, determined from six decays

(Refs. [26,27] and this paper) is 0.18+0.11
−0.05 ms. The decay time

of 273Ds in the second (right) chain in Fig. 3 exceeds this value
by about two orders of magnitude. The energy of the α particle
is also approximately 0.2 MeV lower than the average value
of 11.10 MeV (Refs. [26,27] and this paper). In addition, the
hindrance factors for these decay branches, derived from ex-
perimental and calculated half-lives, are 2.1–2.8 [16,17,20,21]
and 1.6 [22] for 11.10-MeV decay and 140–175 [16,17,20,21]
and 106 [22] for 10.93-MeV decay. This indicates the obser-
vation of a second decay path for 273Ds with T1/2 = 30+140

−15
ms.

Unfortunately, in both chains in Fig. 3, there is no com-
plete information about the decay of 269Hs. However, from
the known data for 273Ds and 269Hs, one can plot the energy
spectra of their α particles (Fig. 4). The energies of 269Hs
measured after the α decay of 273Ds are shown by a full
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FIG. 4. Alpha-particle energy spectra for 273Ds and 269Hs ob-
served in Refs. [10,26,27] and in this paper (only Eα = 11.017 MeV
for 273Ds is given). The events observed for 269Hs after α decay of
273Ds in Refs. [26,27] as well as a summary of known data are shown
by full (blue) and open histograms, respectively.

(blue) histogram. It can be seen that the decay of 273Ds leads
mainly to the high-energy part of the spectrum of 269Hs with
Eα = 9.20 MeV. This suggests the existence of different decay
paths for 269Hs as well.

Using the decay pattern proposed in Ref. [32] for 269Hs and
descendant nuclei, we have tentatively added its upper part by
including new data (see Table III and Fig. 5). We divided the
decays of 273Ds and 269Hs into two paths, denoting them with
the symbols “a” and “b” as in Refs. [32,33]. The decay from
the 10.93-MeV state leads to the SF of 261R fb, as well as four
of the five decays of 273Ds after the decay of 277Cn and the
first decay of 273Ds shown in Fig. 3. Since decays of 269Hs
may occur through both paths “a” and “b,” decays 273D sa →
269H sa,b → 265S ga,b cannot be unambiguously excluded. In
this case, the existence of two states can be assumed for 269Hs:
269H sa with T1/2 = 2.8+13.6

−1.3 s (from Fig. 3) and 269H sb with
T1/2 = 13+10

−4 s (from Refs. [26,27] and this paper).
The modified decay pattern for 273Ds and its decay prod-

ucts is shown in Table III and Fig. 5. It should be noted that for
most of the deformed even-Z isotopes with an odd number of
neutrons in the 273Ds decay chain, the energy spectra reach
several hundred keV (see, e.g., Fig. 4 and Refs. [32,33]),
which may indicate a complex scheme of their energy levels
and transitions through them. In some cases, the broadening

FIG. 5. The one-quasiparticle states and decay patterns for nuclei
in the α-decay chain starting from 273Ds.

of the peaks may be caused by the insufficiently high energy
resolution of the detectors.

As in Refs. [32,33], we show the average energies of α

particles for 265S ga,b and 261R fa,b. For 273D sb we give the
average α-particle energy determined by the six decays from
Refs. [26,27] and this paper. The α-particle energy of 269H sa

shown in the table was determined from five events that were
observed after the α decay of 277Cn [26,27]. The hindrance
factor for 269H sa is 6.6–7.3 [16,17,20,21] or 9.7 [22]. The
average 269H sb energy was calculated from three α-decay
energies (8.93 and 9.18 MeV [10] and 9.23MeV [26]), after
which α decay of 261R fa was observed.

The extracted decay pattern for the α-decay chain starting
from 273Ds is shown in Fig. 5 (Table III). The present ex-
perimental and literature [10,26,27,32,33] data are used for
constructing the decay schemes of corresponding isotopes. As
seen, the possible ground state 11/2 and low-lying isomeric
state 1/2 are populated in 273Ds. The α transition from this
isomer populates states with low spins (1/2, 3/2) in 269Hs,
265Sg, 261Rf, and 257No:

273Ds(1/2) → 269Hs(1/2) → 265Sg(3/2)→261Rf(3/2)

→ SF, α.

TABLE III. The same as Table II but for 273Ds.

Nucleus Decay mode T exp
1/2 Eα (MeV) Qα (MeV) Spin T calc

a T calc
SF

273D sa α 30+140
−15 ms 10.93(2) 11.09(2) 11/2 87 ms 110 s

273D sb α 0.18+0.11
−0.05 ms 11.10(7) 11.27(7) 1/2 0.21 ms 47 s

269H sa α 13+10
−4 s 9.20(4) 9.34(4) 9/2 15 s 2.2 h

269H sb α 2.8+13.6
−1.3 s 9.08(15) 9.22(15) 1/2 3 s 14 min

265S ga α 8.5+2.6
−1.6 s 8.84(5) 8.97(5) 11/2 11 s 14 h

265S gb α 14.4+3.7
−2.5 s 8.69(5) 8.82(5) 3/2 12 s 59 min

261R fa α 68 ± 3 s 8.28(2) 8.41(2) 11/2 87 s 12 min
261R fb SF 2.6+0.7

−0.5 s 8.51(6) 8.64(6) 3/2 7.4 s 3.7 s
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Because the low-spin state has a smaller hindrance to the
SF and the last one competes with α decay, the fission occurs
from isomeric state 3/2 in 261Rf. The α decay from the ground
state 11/2 in 273Ds leads to the population of states with
relatively high spins (9/2, 11/2) in 269Hs and low spins (1/2,
3/2) in 265Sg and 261Rf:

273Ds(11/2) → 269Hs(9/2) → 265Sg(3/2)

→ 261Rf(3/2) → SF, α.

In this chain, the transition from the high-spin state 9/2 to
the low-spin state 3/2 occurs in 265Sg, where the ground state
3/2 is abundantly populated through the cascade of γ quanta
from the excited state 9/2. Since there is also a weak γ -decay
branch 9/2 → 11/2 in 265Sg, the α transitions

273Ds(11/2) → 269Hs(9/2) → 265Sg(11/2)

→ 261Rf(11/2) → α

through the high-spin states only lead to α decay from the
ground state 11/2 of 261Rf. Thus, these decay chains men-
tioned above are finished by the SF or α decay of 261Rf(3/2)
and α decay of 261Rf(11/2). Such an SF branch from the
low-spin isomeric state is measured in the present experi-
ments and Refs. [10,26,27,32,33]. As seen in Fig. 5, there are
four isomeric states: 273Ds(1/2), 269Hs(1/2), 265Sg(11/2), and
261Rf(3/2). So, the states 265S ga (261R fa) and 265S gb (261R fb)
in Refs. [32,33] are the isomeric (ground) 11/2 and ground
(isomeric) 3/2 states, respectively, in Fig. 5. It should be em-
phasized that the isomeric states 273Ds(1/2), 265Sg(11/2), and
261Rf(3/2) and their decay patterns are predicted in Ref. [34].
The predictions of isomeric states 273Ds(1/2) and 269Hs(1/2)
are also given in Ref. [25]. For the 261Rf, the ground and iso-
meric states in Ref. [35] are also the one-quasiparticle states
with spins 11/2 and 3/2, respectively. Since the energies of
the ground and isomeric states are close to each other, the
direct production of 265Sg or 261Rf as evaporation residues
populates both states with similar intensity, as observed in the
experiment [33].

The production cross sections of nuclei in the 232Th + 48Ca
and 238U + 40Ar reactions measured in this paper are shown
in Fig. 6. This figure also shows the results of the first
232Th + 48Ca experiment at three low excitation energies of
the 280Ds compound nucleus [1]. As can be seen, the cross
sections of the 5n reaction channels at E∗ ≈ 50 MeV are
similar within the experimental uncertainties.

The 232Th(48Ca, 3 − 5n) 275–277Ds reaction cross sections
are in agreement with the calculations published in Ref. [37].
But it turned out to be difficult for us to find the results of
calculations of the cross sections for reactions of actinide
nuclei with 40Ar in the literature. In one case [38], the cal-
culated cross sections for reactions with 48Ca are in good
agreement with experimental data. But the cross section for
the 247Bk + 40Ar reaction at excitation energies below the
fusion barrier (BBass = 39.4 MeV) seems to be too optimistic,
e.g., about 100 pb for the 2n channel at E∗ = 30 MeV.

The cross-section values measured in this paper are con-
sistent with the conclusion made in Ref. [39] based on a
comparison of calculated cross sections for the 251Cf + 40Ar
and 243Cm + 48Ca reactions leading to the same compound

FIG. 6. Cross sections for the 3n- to 5n-evaporation channels
for the 232Th + 48Ca (closed symbols, Ref. [1] and this paper) and
238U + 40Ar (open symbols, this paper) reactions. Vertical error bars
correspond to total uncertainties. The symbols with arrows show the
upper cross-section limits. The dashed lines through the data are
drawn to guide the eye. The Bass barriers [36] are shown by open
arrows for comparison.

nucleus: “ …the use of an 40Ar beam is less favorable as
compared with 48Ca. This is owing to much ‘hotter’ character
of the 40Ar + 251Cf fusion reaction (only the cross sections
for the 5n evaporation channels are comparable for both
reactions).”

In this series of experiments on the synthesis of Ds iso-
topes in the transition region, we have filled in the missing
link and obtained an impressive picture of the dependence of
the stability of the superheavy nucleus relative to α decay
on the number of neutrons. In Fig. 7, we show the partial
α-decay half-lives of nine Ds isotopes synthesized in these
experiments, as well as in the cold-fusion 208Pb +62,64Ni and
70Zn and the hot-fusion 240,242,244Pu + 48Ca reactions (see
Refs. [1,4,6,16,19,26,27,40,41] and references therein). For
comparison, we show the results of calculations obtained
30 years ago, ten years before the appearance of the first

FIG. 7. Partial half-lives Tα vs neutron number for the isotopes
of Ds. The results from the cold-fusion and 48Ca-induced reactions
are shown by black circles and blue squares, respectively; the results
for 276Ds [1] and 275Ds from this paper are shown by red diamonds.
The results of calculations [42] are shown by open circles connected
by lines.
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experimental data on the synthesis of superheavy elements in
reactions with 48Ca [42]. It can be seen that the stability of
the Ds isotopes varies greatly. The small growth in the region
of N = 162 is due to the action of the deformed shell. In the
region with N > 162, the decrease in the half-life is associated
with a weakening of the stabilizing effect of the shell N = 162
as it moves away from it into the region of a larger number
of neutrons. Then, in the region with N� 165, the stability
of the Ds isotopes increases, faster than for other elements
(see, e.g., Fig. 11 in Ref. [41] and Fig. 4 in Ref. [1]), which
clearly indicates a much stronger effect of the next neutron
shell. In theory, this is explained by the action of a closed
spherical shell N = 184. Despite the fact that the heaviest
isotope, 281Ds (N = 171), obtained experimentally as a grand
product of the α decay of 289Fl, is 13 neutrons away from
N = 184, its stability exceeds the stability of the Ds isotopes
with N ≈ 162 by five orders of magnitude. As follows from
the theoretical predictions (see Fig. 7), with an increase in the
number of neutrons in the Ds nucleus, a further increase in
stability is expected.

The heavy isotope 282Ds is the product of the 2n-reaction
channel of 48Ca with 244Pu and 248Cm and the subsequent
α decay of 290Fl and 294Lv, respectively. However, the cross
section of these reactions seems to be lower than that of the
3n channel, since in a number of experiments the products of
the 2n channel were not observed. In addition, spontaneous
fission of 286Cn may be more likely than its α decay. For the
synthesis of Ds isotopes with N>172, there are no interacting
nuclei with a neutron excess larger than in 244Pu, 248Cm, and
48Ca. It is even more difficult to synthesize such nuclei in
transfer reactions such as 238U + 238U or 238U + 248Cm (see,
e.g., Ref. [43]). Therefore, returning to the fusion reaction
248Cm + 48Ca, previously used for the synthesis of Lv iso-
topes, one can consider rare deexcitation channels of the com-
pound nucleus 296Lv by evaporation of a minimum number of
neutrons or by the emission of charged particles (p or α).

To date, more than 500 decay chains of superheavy nu-
clei have been synthesized in various laboratories around the
world. The products of the pxn channel were definitely not
observed in these experiments. However, theoretical calcula-
tions predict the cross section of the pxn channel for, e.g.,
the 248Cm + 48Ca reaction at a level that is attainable at the
present time, for example, σp2n ≈ 60 fb [44], σp(2–3)n ≈ 200
fb [45], σp3n ≈ 30 fb [46], and σp1n ≈ 60 fb [47].

The decay properties of 293Mc are of great interest. It
contains three more neutrons than the heaviest known iso-
tope, 290Mc, a daughter nucleus of 294Ts synthesized in the
249Bk + 48Ca reaction. The isotope 293Mc can predominantly
undergo α decay with an energy Qα ≈ 10.1 MeV and a
half-life of several seconds. Its daughter product will be an un-
known heavy isotope, 289Nh (N = 176), which is also likely to
be an α emitter with Qα ≈ 9.4 MeV and a half-life of several
minutes. The second α decay leads to 285Rg (N = 174) with
a half-life of about 1 h. The electron capture of 285Rg(EC) →
285Ds (N = 175) can compete with the emission of the α

particle. The resulting even-Z 285Ds can undergo both α decay
and spontaneous fission, with a half-life of one month. It is
obvious that the observation of such nuclei is a serious chal-
lenge. Unfortunately, it is impossible to synthesize such nuclei

by all other known methods of artificial synthesis of chemical
elements. But this is the way to centenarians at the top of
the island of stability. Their decay properties provide valuable
information about the strength of the stabilizing effect of the
closed neutron shell N = 184 in its immediate vicinity.

IV. SUMMARY

The 232Th + 48Ca reaction has been studied at the separator
DGFRS-2. The new nuclide 275Ds, a product of the 5n chan-
nel, with a half-life of 0.43+0.29

−0.12 ms and α-particle energy of
11.20 MeV, was synthesized for the first time. The decays of
this nucleus led to the previously synthesized daughter nuclei
271Hs, 267Sg, and 263Rf, which means the first observation and
identification of the superheavy nucleus, the product of the
fusion of 48Ca with the actinide nuclide, by the method of
genetic correlations with known nuclei.

The decay properties of the daughter nuclei 271Hs, 267Sg,
and 263Rf, measured in previous studies [10] and in this paper,
indicate the presence of transitions through different energy
levels. One of the branches of 271Hs with low α-particle en-
ergy (Eα = 9.05 MeV) leads to SF of 267Sg, and the second,
with higher energy (Eα = 9.34 MeV), leads to α decay of
267Sg, followed by fission of 263Rf. The cross sections of the
232Th(48Ca, 5n)275Ds reaction of 0.11+0.46

−0.09 and 0.34+0.59
−0.16 pb

were measured at excitation energies E∗ = 51 and 56 MeV
due to observation of one and five decay chains, respectively.

In the 238U(40Ar, 5n) reaction, two decay chains of 273Ds
were observed. The decay properties of the nuclei in one of
them are in good agreement with the properties of the nuclei
measured in the five decay chains of the parent nucleus 277Cn
[26,27] produced in the cold-fusion reaction 208Pb(70Zn, 1n).
In the second chain, the energy of the α particle of 273Ds
turned out to be approximately 200 keV lower than that mea-
sured for 273Ds (Eα ≈ 11.10 MeV), and the decay time (41.7
ms) is two orders of magnitude higher than its average de-
cay time (T1/2 = 0.18+0.11

−0.05 ms), determined from six decays.
Based on these results, the working hypothesis of the isotope
decay pattern proposed in Ref. [32] has been supplemented
with the isotopes 273Ds and 269Hs. The cross section of the 5n-
evaporation channel of the 238U + 40Ar reaction at E∗ = 49
MeV of 0.18+0.44

−0.12 pb was found to be comparable to that for
the production of 275Ds at close excitation energy.

The decay schemes for the isotopes stemming from α

decay of 273,275Ds were extracted by using the experimental
Qα and Ta,SF values and fission model [23,24]. The SF from
low-spin isomeric 261Rf(3/2) and ground 263Rf(1/2) states,
and the existence of low-lying isomeric states in the nuclei
261,263Rf, 265,267Sg, 269,271Hs, and 273Ds, were proposed.
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[42] R. Smolańczuk, J. Skalski, and A. Sobiczewski, Spontaneous-
fission half-lives of deformed superheavy nuclei, Phys. Rev. C
52, 1871 (1995).

[43] V. V. Saiko and A. V. Karpov, Analysis of multinucleon transfer
reactions with spherical and statically deformed nuclei using a
Langevin-type approach, Phys. Rev C 99, 014613 (2019).

[44] J. Hong, G. G. Adamian, and N. V. Antonenko, Ways to produce
new superheavy isotopes with Z = 111–117 in charged particle
evaporation channels, Phys. Lett. B 764, 42 (2017).
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