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Examination of production and properties of 268–271Hs
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The production cross sections of several isotopes of Hs and their properties are considered. The optimal
reactions are predicted for producing 268–271Hs. The possible α-decay chains including these isotopes are analyzed
and compared with the available experimental data. The number of new isomeric states is predicted in the nuclei
of these α-decay chains. The role of α decay in the identification of these isomeric states is discussed.
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I. INTRODUCTION

Heavy-ion fusion reactions have been extensively used to
produce superheavy nuclei and to extend the number of their
isotopes [1,2]. The ratio between the cross sections in different
fusion-evaporation channels is important for the correct iden-
tification of each isotope by α-decay or spontaneous fission. In
addition to 269Hs studied in the α-decay chains of 273Ds [3] and
277Rg [4], the isotopes 270,271Hs have been investigated [5,6].
The interesting result was the observation of the 3n evaporation
channel in the 26Mg + 248Cm reaction at energies just below
the Coulomb barrier. The calculation of the evaporation
residue cross sections in (2 − 5)n evaporation channels of
strongly asymmetric reactions demands the accurate treatment
of the capture probability in the entrance channel because the
collision occurs at energies near the Coulomb barrier and the
effect of the mutual orientation of deformed colliding nuclei
should be taken into account. Note that a large set of Hs
isotopes can be obtained just in these reactions with valuable
cross sections.

The stability of heavy nuclei is governed by nuclear shell
structure whose influence is dramatically amplified near closed
proton and neutron shells [3]. The 270Hs has been predicted
to be a doubly magic deformed nucleus [7–9]. The direct
experimental evidence for the new subshell closures at Z =
108 and N = 162 was first provided by the α-decay properties
of the nuclei 262Rf, 265,266Sg, 267Hs, and 273Ds [3]. In Ref. [5],
the doubly magic 270Hs has been observed based on a rapid
chemical isolation.

The study of Hs isotopes is of interest because they are less
deformed than the neighboring nuclei and the neutron subshell
at N = 162 is the most pronounced there. The Hs isotopes
considered can be produced directly in fusion-evaporation
channel as well as in the α-decay chain of a heavier nucleus. A
comparison of the decays of differently produced Hs isotope
could reveal the isomeric states and structure peculiarities. The
potential energy surface near the ground state could have some
shallow minima which affect the ground-state wave function.
So, the role of these minima in the α-decay chain is of interest.

In the present paper we consider the properties of 268–271Hs
produced in the reactions 22Ne + 249Cf, 26Mg + 248Cm, 30Si +
244Pu, 36S + 238U, and 48Ca + 226Ra (Sec. II). The effects of
the deformation and mutual orientation of colliding nuclei

is taken into account to calculate the capture cross sections
at energies near the Coulomb barrier. The properties and α-
decay chains containing these isotopes of Hs are studied within
the microscopic-macroscopic approach (Sec. III). The K- and
shape-isomeric states are found and discussed in the nuclei
of these α-decay chains (Secs. III C and III D). Finally, we
summarize our results in Sec. IV.

II. EVAPORATION RESIDUES

The production of Hs isotopes is estimated with the
dinuclear system (DNS) model [10–24] in which the fusion-
evaporation proceeds in three steps which affect the evapora-
tion residue cross section in the xn evaporation channel

σxn
ER(Ec.m.) =

∑
J=0

σfus(Ec.m.,J )Wxn
sur (Ec.m.,J ),

σfus(Ec.m.,J ) =
∫ π/2

0

∫ π/2

0
d cos �1d cos �2 σc

× (Ec.m.,J,�i)PCN(Ec.m.,J,�i). (1)

Here, we introduce the averaging over the orientations of
statically deformed interacting nuclei [�i (i = 1,2) are the
orientation angles with respect to the collision axis]. The
quadrupole deformation parameters of actinides are taken from
Ref. [25]. With Eq. (1) one can consider the collision of
deformed nuclei at energies near the Coulomb barrier which
is a function of �i . One can also calculate the compound
nucleus formation at sub-barrier energies. In the first step of
a fusion reaction the projectile is captured by the target. The
value of σc(Ec.m.,J,�i) defines the transition of the colliding
nuclei over the Coulomb barrier and the formation of the
DNS when the kinetic energy Ec.m. and angular momentum
J of the relative motion are transformed into the excitation
energy and angular momentum of the DNS. In the second
step a formed DNS evolves into the compound nucleus in
the mass asymmetry coordinate [10–13,16]. In Eq. (1), PCN

is the probability of compound nucleus formation after the
capture. Since the bombarding energy Ec.m. of the projectile
is usually higher than the Q value for fusion, the produced
compound nucleus is excited. In the third step of the reaction
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TABLE I. The evaporation residue cross sections σxn
ER(th.) cal-

culated at the maxima of excitation function of xn channels in the
indicated reactions leading to Hs isotopes. The excitation energies
E∗

CN of compound nuclei are listed. The mass table of Ref. [34] is
used in the calculations. The experimental cross sections σxn

ER(exp)
are from Refs. [6,35,36].

Reaction E∗
CN xn σ xn

ER(th.) σ xn
ER(exp) Hs isotope

(MeV) (pb) (pb)

22Ne + 249Cf 35.2 3n 1.5 268Hs
46 4n 3.4 267Hs

26Mg + 248Cm 33.4 3n 1.5 ∼2.5 [6] 271Hs
44.8 4n 10 ∼3 [6] 270Hs
50.8 5n 6 ∼7 [6] 269Hs

30Si + 244Pu 33.4 3n 0.7 271Hs
46 4n 5.1 270Hs

51.4 5n 4.4 269Hs
36S + 238U 34.6 3n 0.5 <2.9 [35] 271Hs

43.6 4n 4 0.8+2.6
−0.7 [35] 270Hs

49.6 5n 1.1 <1.5 [35] 269Hs
48Ca + 226Ra 32.8 3n 7.2 271Hs

38.8 4n 7 16+13
−7 [36] 270Hs

the compound nucleus loses its excitation energy mainly by
the emission of particles and γ quanta [26–33]. The survival
probability Wxn

sur of the excited compound nucleus in the xn
evaporation channel takes into account the de-excitation of the
compound nucleus formed. The fission barrier Bf = BLD

f +
BM

f of compound nucleus has a liquid drop part BLD
f and a

microscopical part BM
f . For the considered heavy isotopes of

Hs, BLD
f = 0.2 MeV. The value BM

f = δWA
sd − δWA

g.s. is the
difference between the shell correction δWA

g.s. of the nucleus
with mass number A at the ground state [34] and the shell
correction δWA

sd at the saddle point. Usually one can set
δWA

sd = 0. The variation of δWA
sd from 0 to 1 MeV leads to

a variation of the maxima of excitation functions of about
factor of 2. The details of calculation of σfus as well as Wxn

sur
are presented in Ref. [22] where the excitation functions for
number of reactions are shown. Because we are interested
in the production of 268–271Hs, in Table I we only list the
evaporation residue cross sections for these isotopes in the
maxima of corresponding excitation functions.

As shown in Ref. [22], at energies just below the Coulomb
barrier the evaporation residue cross section does not drop fast
because the loss in fusion cross section is compensated by the
gain of survival probability. To produce directly the isotopes
268Hs, 269,270Hs, and 271Hs with the largest cross sections,
one can use the reactions 22Ne + 249Cf, 26Mg + 248Cm, and
48Ca + 226Ra, respectively. The calculated values of σxn

ER
(x = 3, 4, 5) in the 26Mg + 248Cm reaction are compared
in Ref. [22] with the experimental data [6]. The theoretical
and experimental excitation functions are in a good agreement
within the experimental and theoretical uncertainties. So, the
DNS model is able to describe and predict the evaporation

residue cross sections in strongly asymmetric reactions at
energies near the barriers.

III. STRUCTURE OF NUCLEI NEAR HS

A. Microscopic-macroscopic approach

In order to study the structure of a nucleus near its ground
state, one can use, for example, the models of Refs. [7–
9,34,37–43] based on various shape parametrizations. The
proper shape parametrization allows us to reduce the number of
collective variables and to simplify the microscopic treatment.
In the present paper we choose the shape parametrization
adopted in the two-center shell model [42]. With this simple
parametrization one can easily trace the evolution of a nucleus
from the ground state to the separate fission fragments. In
the two-center shell model the nuclear shapes are defined by
the following set of coordinates. The elongation λ = l/(2R0)
measures the length l of the system in units of the diameter
2R0 of the spherical compound nucleus. For large elongations,
this variable starts to describe the relative motion of fission
fragments. The transition of the nucleons through the neck
is described by the mass asymmetry η. The neck parameter
ε = E0/E

′ is defined by the ratio of the actual barrier height
E0 to the barrier height E′ of the two-center oscillator. The
deformations βi = ai/bi of axial symmetric fragments are
defined by the ratio of their semiaxes. In the compact shapes
βi are related only to the left and right sides of the nucleus
along the symmetry axis.

For the compact nuclear shapes near the ground state,
one can set ε = 0 and η = 0. Therefore, we have only three
parameters: λ, β1, and β2 to describe the deformations of
various multipolarities. The octupole deformation occurs in the
case of β1 �= β2. The case of β1 = β2 = β, which is treated
here, means the absence of the static deformations of odd
multipolarities. One can show that the quadrupole deformation
parameter β02 strongly depends on the value of λ while the
hexadecapole deformation parameter β04 is mostly sensitive
to the value of β. For 248Fm, in Fig. 1 the dependencies of β02

and β04 on λ and β are shown. With given values of λ and β the
quadrupole and hexadecapole moments are firstly calculated.
Then the values of β02 and β04, which correspond to these
moments, are found. The ground state of 248Fm is found at
λg.s. = 1.18 and βg.s. = 1.28 that corresponds to β02 = 0.25
and β04 = 0.027. The ground state of 270Hs is found at
λg.s. = 1.14 and βg.s. = 1.06 that corresponds to β02 = 0.25
and β04 = −0.03. In Ref. [34], β02 = 0.231 and β04 = −0.086
are predicted for this nucleus. The examples of nuclear shapes
produced by the two-center shell model have been presented
in Ref. [44]. In the framework of macroscopic-microscopic
model [43] the quadrupole deformation of 270Hs is β02 = 0.26.

With the two-center shell model the potential energy near
the ground state can be calculated as the sum of two terms

U (λ,β) = ULDM(λ,β) + δUmic(λ,β). (2)

The first term is a smoothly varying macroscopic energy
calculated with the liquid drop model. The second term δUmic

contains the shell and pairing corrections arising due to the
shell structure of the nuclear system. The absolute values
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FIG. 1. The calculated dependencies of quadrupole (β02, solid
lines) and hexadecapole (β04, dashed lines) deformation parameters
on λ (a) at β = 1.28 and on β (b) at λ = 1.18 for 248Fm.

of microscopic corrections obtained in our calculations for
the ground states seem to be close to those obtained in
Refs. [34,37] for nuclei with Z � 112 [45]. In the nuclei
considered the position (λg.s.,βg.s.) of the ground state is
defined by minimizing U (λ,β).

The contribution of an odd nucleon, occupying a
single-particle state |μ〉 with energy eμ, to energy of
a nucleus is described by the one-quasiparticle energy√

(eμ − eF )2 + �2. Here, the Fermi energy eF and the
pairing-energy gap parameter � are calculated with the
BCS approximation in accordance with the procedure of
Ref. [39]. Pairing interaction of the monopole type with
strength parameters G n

p
= (19.2 ∓ 7.4N−Z

A
)A−1 MeV [39]

for neutrons and protons is used. The used values of
Gn and Gp are comparable with those in Refs. [37,40].
To take it effectively into account in the calculations
of one-quasiparticle excitations Eμ = √

(eμ − eF )2 + �2 −√
(e′

μ − eF )2 + �2 and two-quasiparticle excitations Eμ =√
(eμ − eF )2 + �2 +

√
(e′

μ − eF )2 + �2, where e′
μ is the

single-particle energy of occupied level below the Fermi level
energies, we use the results of Ref. [40] where the reduction of
� by about factor of 0.85 occurs. For comparison, the values
of � obtained by us agree with those in Refs. [34,37] within
0.1 MeV.

The momentum-dependent part of the single-particle
Hamiltonian of the two-center shell model consists of the spin-
orbit and l2-like terms (see Ref. [42]) with the parameters κn,p

and μn,p, respectively. As known, these parameters depend on
the nuclear mass number A and influence the quantum numbers
of the last occupied single-particle level. In order to improve
the description of the low-lying one-quasiparticle states in
well-studied heavy nuclei, in Refs. [44,45] we introduced the
weak dependence on (N − Z) in the parameters κn,p and μn,p.
Indeed, in the calculations with Woods-Saxon single-particle
potential the dependence on (N − Z) is included into the
momentum-independent part of the potential. Here, with the
Nilsson-type single-particle potential the weak dependence on
(N − Z) is incorporated into the momentum-dependent part of
the single-particle Hamiltonian. With obtained values of κn,p

and μn,p we are able to describe correctly the ground-state
spins of many heavy nuclei treated.

The binding energies B(Z,A) of nuclei in the ground
states are calculated in accordance with Ref. [45]. Here, these
energies are used to calculate only the Qα(Z,A) values for the
α-decays from the ground-state-to-ground-state. As shown in
Ref. [45], the calculated values of Qα are in a good agreement
(within 0.3 MeV) with the most of available experimental
values of Qα .

In order to estimate α-decay half-lives Tα , we use the
expression recently suggested in Ref. [46]:

log10 Tα(Z,A) = 1.5372Z(Qα − Eμ)−1/2

− 0.1607Z − 36.573, (3)

where Eμ is the excitation energy of quasiparticle state to
which the α-decay occurs.

B. Verification of calculations of one-
and two-quasiparticle spectra

In the deformed mean field, the single-particle and one-
quasiparticle states with the projection K = � ± 1/2 of total
angular momentum and parity π are marked as Kπ |Nnz� >,
where N (the shell quantum number), nz (the number of the
quanta along the z axis), and � (the projection of orbital
angular momentum) are the asymptotic quantum numbers
[39].

To demonstrate the quality of the description of the
experimental one-quasiparticle spectra, we show in Fig. 2
the quasiparticle spectrum for 245Pu. One can see that the
discrepancy in energy with experimental values [47] does not
exceed 300 keV that is quite satisfactory. Since the octupole
correlations are absent in our model, some negative parity
states can have lower energies.

In Fig. 3, the calculated energies of one-quasiparticle as
well as rotational states of 249Fm are in good agreement with
the experimental data [48]. The energies of the rotational
states 9/2+ and 11/2+ are calculated as in Ref. [49]. The
characteristics of the α decay of 253No are well described as
well.

In Ref. [44], we demonstrated a good description of the
energies of two-quasiparticle states with Kπ = 8−

ν [the index
ν (π ) denotes neutron (proton) pair] in the isotones from
176Yb till 184Pt as well as in the even isotopes of No. With
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FIG. 2. The calculated (th) and experimental (exp) [47] energies
Eμ (in MeV) of one-quasiparticle states in 245Pu.

our approach one can describe well the isotonic and isotopic
trends in energy of one- and two-quasiparticle states. In
lighter nuclei, for example 158Gd, the calculated energies
of two-quasiparticle states 4+

π [5/2+[413] ⊗ 3/2+[411]] and
4−

ν [3/2−[521] ⊗ 5/2+[642]] are 1.44 and 1.48 MeV, respec-

FIG. 3. The calculated (th) and experimental (exp) [48] energies
(in keV) of one-quasiparticle states in 249Fm. The rotational states
9/2+ and 11/2+ build on the ground state are shown as well. The
calculated value of Qα = 8.09 MeV for 253No is compared with the
experimental Qexp

α = 8.133 MeV.

FIG. 4. The calculated potential energy surface of 269Hs as a
function of λ and β. The potential energy is with respect to the
liquid-drop part at λ = 1 and β = 1. The potential energy minima
are marked by crosses. The solid cross corresponds to the ground
state potential minimum. The numbers in brackets near the crosses
denote the parameters of quadrupole (β02) and hexadecapole (β04)
deformations.

tively, that is in a good agreement with the experimental
values [47], 1.38 and 1.636 MeV, for Kπ = 4+ and 4− states,
respectively. Thus, the model seems to be verified in the region
of well-studied nuclei and can be applied to predict the spectra
for heavier nuclei.

C. Potential energy surfaces and shape isomeric
states at normal deformations

Besides the shape-isomer minimum, if exists, at large
deformation, inside of the internal fission barrier of heavy
nucleus there is usually one (ground state) potential minimum
on the potential energy surface as a function of deformation
parameters. However, in some nuclei the potential energy
surface as a function of deformation parameters is more
complicated and can have several minima due to the shell
effects [50,51]. The deepest one, where the shell correction
is maximum, is related to the ground state. The role of
other shallow minima (the shape isomers) in the vicinity
of the ground state is not well pronounced. With the shape
parametrization used here the potential energy surface is
well unfolded near the ground state to allow the additional
potential minima to be notable. The potential energy surfaces
of 269,270Hs, 265,266Sg, and 261Rf with indication of all minima
are presented in Figs. 4–8. Besides the ground state potential
minima, there are additional potential minima in the nuclei
269Hs (11/2−

1 at 0.135 MeV), 270Hs (0+
1 at 0.22 MeV and

0+
2 at 1.4 MeV), 265Sg (1/2−

1 at 0.56 MeV), 266Sg (0+
1 at

0.14 MeV and 0+
2 at 0.26 MeV), and 261Rf (3/2+

1 at 0.034
MeV and 3/2+

2 at 0.28 MeV). In contrast, there is only the
ground-state potential minimum in 262Rf. The spins of the
nuclei in these minima are the same like in the corresponding
ground states. As follows from our calculations, the additional
minima in the region of heavy nuclei exist only in some nuclei
with 104 � Z � 108. They appear in the region where the
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FIG. 5. The same as in Fig. 4, but for 265Sg.

potential energy surface is rather flat and correspond to almost
the same quadrupole deformation parameters and different
hexadecapole deformation parameters. Note that the rather
strong increase of pairing strength, by about 50%, washes out
the additional potential minima.

To demonstrate the sensitivity of the potential energy
surface to the single-particle potential used to calculate the
microscopic part δUmic in Eq. (2), we present in Fig. 9
the results obtained with the Woods-Saxon single-particle
spectrum [53,54]. So, in the calculations with Eq. (2), the
two-center oscillator single-particle spectrum is replaced by
that of the Woods-Saxon potential. As seen, the position of
the ground-state minimum almost remains at the same β02 and
β04. One additional potential minimum 0+

1 is also pronounced.
It appears at almost the same quadrupole deformation, but at
other hexadecapole deformation than that in Fig. 7. So, the
appearance of additional minima is the general feature of the
microscopic-macroscopic method applied to the region of Hs
isotopes. However, the number and position of these minima
in β04 depend on the single-particle potential used. If there
will some experimental evidences for the additional potential

FIG. 6. The same as in Fig. 4, but for 261Rf.

FIG. 7. The same as in Fig. 4, but for 270Hs.

minima in the α-decay chains, one can perhaps estimate the
hexadecapole deformation in the region of the heavies nuclei.

The available experimental data are not sufficient to
conclude whether the found shallow potential minima, the
shape-isomers at the normal deformations, really exist. Also,
the experimental confirmation will be a nontrivial task. The
nucleus will not stay long enough in these minima to observe
the γ transitions. However, the α decay of the parent nucleus
can populate the states located in the minima closed in energy
to the ground-state minimum. Therefore, the presence of
additional potential minima in the daughter nucleus would lead
to some variation of the observed energies of α particles for
the parent nucleus. For example, the lowest additional potential
minimum at 0.034 MeV in 261Rf is expected to play a role in
the α decay of 265Sg.

D. Quasiparticle spectra, K , and shape isomers

1. α-decay chain containing 269Hs

The one-quasiparticle spectra build on the ground state
are presented in Fig. 10 for the nuclei of the α-decay chain

FIG. 8. The same as in Fig. 4, but for 266Sg.

044310-5



ADAMIAN, ANTONENKO, MALOV, AND LENSKE PHYSICAL REVIEW C 96, 044310 (2017)

FIG. 9. The potential energy surface of 270Hs as a function of
β02 and β04 obtained with the Woods-Saxon single-particle spectrum
used to calculate δUmic. The potential energy is with respect to the
liquid-drop part of spherical nucleus. The potential energy minima
are marked by crosses. The solid cross corresponds to the ground
state potential minimum. The numbers in brackets near the crosses
denote the parameters of quadrupole (β02) and hexadecapole (β04)
deformations.

269Hs → 265Sg → 261Rf → 257No. The calculated values of
Qα for the ground-state-to-ground-state α decays are indi-
cated. The most probable α decays are shown in Fig. 10 and
listed in Table II. The calculated energies of α decays are in
satisfactory agreement with the available experimental data
[4–6,52,55] (see Table II). The α decay of the ground state
of 265Sg can occur as follows: 265Sg(1/2−) → 261Rf(1/2−

1 )
with Qα = 8.69 MeV that is more preferable than the
transition 265Sg(1/2−) → 261Rf(1/2−) with Qα = 8.59 MeV
because the state 1/2−

1 [761] is lower in energy than the state

1/2−[761]. In 261Rf, the E2 transition between 3/2+
1 and

ground state would need about 30 s because of the small
energy difference and influence of pairing correlations. For
the α decays 261Rf(3/2+) → 257No(3/2+), 261Rf(7/2+) →
257No(7/2+), and 261Rf(1/2−

1 ) → 257No(1/2−) the values of
Qα = 8.54, 8.62, and 8.49 MeV agree well with the experi-
mental values of Qα = 8.41 and 8.65 MeV [4–6,52,55]. Since
in 261Rf the E1 transition between 1/2−

1 [761] and 3/2+
1 [622]

(or 3/2+[622]) is strongly suppressed, one can not exclude the
α decay from the possible isomer state 1/2−

1 . Moreover, from
this state the nucleus 261Rf can decay by spontaneous fission
due to the small hindrance in K .

As seen in Fig. 10, there are K-isomeric states
1/2−[761], 7/2+[613], 7/2+[613], and 1/2+[620] in 269Hs,
265Sg, 261Rf, and 257No, respectively. While in our calculations
7/2+[613] is the ground state of 257No, in Ref. [56] the
3/2+[622] was assigned to the ground state. However, at
the energies of γ transitions measured in Ref. [56] the
internal conversion coefficients do not allow us the firm
discrimination between M1 and E2 transitions. In addition,
the states 7/2+[613] and 3/2+[622] are close in energy in our
calculation.

In Fig. 11, the one-quasiparticle spectra of the ground
states are presented for the nuclei 253Fm, 273Ds, and 277Cn
which together with the nuclei shown in Fig. 10 belong to the
α-decay chain of 277Cn. The ground-state potential minima
in 277Cn and 273Ds correspond to β02 = 0.21, β04 = −0.05,
and β02 = 0.25, β04 = −0.02, respectively. Because of the
change of the deformation parameters, particular β04, the levels
9/2+[604] and 9/2+[615] have different order in 277Cn and
273Ds. In 277Cn and 273Ds the isomeric states are 9/2+[604]
and 1/2−[761], respectively, because the α decays from these
states occur faster than the γ transitions estimated. Since in
277Cn the M2 transition between 13/2−[716] and 9/2+[604]
needs about 2.3 ms as follows from the Wiesskopf estimate,
the state 13/2−[716] can be treated as the isomer because the
α decay from it is faster time, about 1.1 ms. The possible

FIG. 10. The calculated spectra of one-
quasineutron states in the indicated nuclei. For the
ground-state-to-ground-state α decays, the calcu-
lated values of Qα are listed. Possible α decays are
shown by arrows with corresponding values of Qα .
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TABLE II. Possible α decays of indicated heavy nuclei starting from 277Cn. The calculated values of Qα and Tα , and tentatively related
experimental values Qexp

α of Qα are listed.

Nucleus Decay mode Qα (MeV) Tα Qexp
α (MeV)

277Cn 1/2−[761]
α−→ 1/2−[761] 11.575 100 μs 11.62 [4], 11.49 [55]

9/2+[604]
α−→ 9/2+[604]

γ ′s−→ 9/2+[615] 11.254 560 μs 11.33 [4], 11.25 [55]

13/2−[716]
α−→ 13/2−[716]

γ ′s−→ 9/2+[615] 11.12 1100 μs
273Ds 9/2+[615]

α−→ 9/2+[615]
γ ′s−→ 11/2−[725] 11.08 340 μs 11.25 [4]

10.73, 10.88, 11.01 [3]
1/2−[761]

α−→ 1/2−[761] 11.265 130 μs 11.37 [4], 11.31, 11.32 [55]
269Hs 11/2−[725]

α−→ 11/2−[725]
γ−→ 7/2+[613] 9.31 3.03 s 9.09, 9.27 [6], 9.31 [55]

1/2−[761]
α−→ 1/2−[761] 9.44 1.28 s 9.32, 9.37 [4], 9.39 [55]

265Sg 1/2−[761]
α−→ 1/2−

1 [761]
γ−→ 3/2+[622] 8.686 48 s 8.75 [4], 8.64, 8.76 [3]

7/2+[613]
α−→ 7/2+[613] 8.84 15.7 s 8.82 [6], 8.84 [3,55]

261Rf 3/2+[622]
α−→ 3/2+[622]

γ−→ 7/2+[613] 8.54 26.3 s 8.41 [6,55], 8.33 [3]
7/2+[613]

α−→ 7/2+[613] 8.62 17 s 8.64 [6], 8.65 [4]
257No 7/2+[613]

α−→ 7/2+[613] 8.23 49 s 8.35 [52]
1/2+[620]

α−→ 1/2+[620] 8.3 29 s 8.47 [4], 8.45 [52], 8.42 [3]

α decays of 273Ds and 277Cn are tentatively related to the
available experimental data [3,4,6,52,55] in Table II.

2. α-decay chain containing 271Hs

In the nuclei of possible α-decay chain 271Hs → 267Sg →
263Rf → 259No, the additional shallow potential minima exist
in 271Hs (11/2−

1 at 1.33 MeV), 267Sg (11/2−
1 at 0.1 MeV and

9/2+
2 at 0.8 MeV), and 263Rf (1/2−

1 at 0.17 MeV) (Figs. 12–14).
However, the α decays to the states build in these minima have
no gain in energy and, thus, less probable than the α decays
to the states related to the ground state minima. The nucleus
259No has only ground state potential minimum.

Figure 15 presents the energies of one-quasiparticle states
build in the ground state potential minima. The values of Qα for
the ground-state-to-ground-state α decays are listed in Fig. 15

as well. Possible α decays are indicated in Fig. 15 and Table III.
Even-odd heavy nuclei mainly decay by α to the states with
the same spin and parity in the daughter nuclei. Within the
accuracy of our calculations the calculated energies of α decays
are close to those in Refs. [5,6].

Because in 271Hs the state 3/2+[611] is found to be above
the states 9/2+[615] and 11/2−[725], it can be an isomeric
state. The α decay from this state is possible to the same state
in 267Sg with Qα = 9.12 MeV. If the states 3/2−[761] and
3/2+[611] in 271Hs would be above the 1/2−[761] state, the
last can be the isomer from which the α decay is possible with
Qα = 9.42 MeV. The states 1/2−[761] and 7/2+[613] are
related to the isomeric states in 267Sg and 263Rf, respectively.
In 263Rf, other isomer is the 11/2−[725] state. The ground state
of 263Rf is found to be 1/2−[761]. Therefore, the spontaneous

FIG. 11. The calculated spectra of one-quasineutron
states in the nuclei 253Fm, 273Ds, and 277Cn.
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FIG. 12. The same as in Fig. 4, but for 271Hs.

fission from the low-spin ground state of this even-odd nucleus
can easily occur.

3. α-decay chain containing 270Hs

Let us now consider the even-even nuclei in the α-decay
chain: 270Hs → 266Sg → 262Rf. In Fig. 16, the energies of
two-quasiparticle states are presented with respect to the
corresponding ground states. The calculated values of Qα for
the ground-state-to-ground-state α decays are shown and are
in a good agreement with available experimental data. With
Qα ≈ 9.2 MeV in 270Hs and Eq. (3) we obtain Tα ≈ 6.4 s.
In the region of heaviest nuclei, the known K isomeric states
live shorter time. Therefore, the α decays from the K isomers
of 270Hs seem to be improbable but can not be completely
excluded based on our present knowledge. The possible
transitions 270Hs(10+

π )
α−→ 266Sg(7−

π )
α−→ 262Rf(7−

π or 5−
π )

between the isomeric states would have Qα = 9.55 and 8.32
or 8.34 MeV that fits well the chain 14 in Ref. [5] ascribed
to 271Hs. The structures of these isomeric states are the
following 10+

π (9/2+[624] ⊗ 11/2+[615]), 7−
π (5/2−[512] ⊗

FIG. 13. The same as in Fig. 4, but for 267Sg.

FIG. 14. The same as in Fig. 4, but for 263Rf.

9/2+[624]), and 5−
π (9/2+[624] ⊗ 1/2−[521]). The α decay

of the ground state of 266Sg with Qα = 8.56 MeV would need
about 122 s that is too long in comparison with the spontaneous
fission half-life 360 ms [6]. Note that the earlier data on the
α-decay chains containing 266Sg were reexamined in Ref. [52].

4. α-decay chain containing 268Hs

For 272Ds, 268Hs, 264Sg, 260Rf, and 256No, the calculated
values of Qα for the ground-state-to-ground-state α decays
and the lowest two-quasiparticle states are presented in Fig. 17.
In this α-decay chain the additional shallow potential minima
exist in 268Hs (at 0.12 MeV) and in 264Sg (at 0.084 MeV). Other
nuclei have only the ground-state potential minima. Using the
Weisskopf estimate and taking into account the selection rules
for the asymptotic quantum numbers, in 272Ds the half-life time
of isomeric state 6+

ν (11/2−[725] ⊗ 1/2−[761]) with respect
to E1 transition into the state 5−

ν (9/2+[604] ⊗ 1/2−[761]) is
0.17 ms that is about 3 times shorter than the half-life time of
this state with respect to the α decays into the isomeric state
6+

ν or into the rotation state 6+
g.s. of 266Hs. The α decay from

the isomeric state 5−
ν of 272Ds into the rotational state 5−

g.s. of
268Hs with Qα = 11.44 MeV and Tα ≈ 5.5 ms can occur if
this isomeric state lives longer with respect to the γ decay.
Note that the energies of the rotational states are calculated
as in Ref. [49]. The reactions 240Pu(36S,4n)272Ds [57] and
249Cf(22Ne,3n)268Hs seem to be suitable for producing 272Ds
and 268Hs, respectively.

In 268Hs, the α decay from the isomer state 6+
ν into the

rotation state 6+
g.s. of 264Sg can occur with Qα = 10.66 MeV

and Tα ≈ 81 ms if this isomeric state does not decay by γ s
in a shorter time. Because the α decay from the isomeric
state 10−

ν (11/2−[725] ⊗ 9/2+[604]) is estimated to need a
long time Tα ≈ 32 s, this state would mainly decay by γ s.

In 264Sg, the α decays from the isomeric state
5−

π (9/2+[624] ⊗ 1/2−[521]) into 5−
π and 5−

g.s. states of 260Rf
demand at least 4.75 and 22 s, respectively, that is too long
and the γ emission or fission from the isomeric state seem to
be preferable. Analogously to 250No [58], where the lowest
6+

ν isomer is expected, the fission from K-isomer state can be
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FIG. 15. The calculated spectra of one-
quasineutron states in the indicated nuclei. For the
ground-state-to-ground-state α decays, the calcu-
lated values of Qα are presented. Possible α decays
are shown by arrows with corresponding values of
Qα .

suppressed by about factor of 10. Larger spontaneous fission
half-lives from the K isomers are supported by the calculations
in Refs. [59,60]. Therefore, the spontaneous fission of 264Sg
in the event number 7 in Ref. [61] with relatively long lifetime
can be related to the fission from the isomeric state 5−

π .
In 260Rf, the α decay from the isomer 5+

ν (7/2+[613] ⊗
3/2+[622]) needs a rather long time. Therefore, the fission
from this isomer would competes with its decay through
the cascade of γ quanta. From the isomers 4+

ν (1/2+[620] ⊗
7/2+[613]) and 8−

ν (7/2−[514] ⊗ 9/2+[624]) in 256No both α
decay and spontaneous fission seem to be longer than the decay
through the cascade of γ quanta to the ground state.

IV. SUMMARY

The production of isotopes 268–271Hs was considered in
various asymmetric reactions. The reactions resulting in larger
yields of Hs isotopes are indicated. The calculated evaporation
residue cross sections are in a good agreement with existing
experimental data. This verifies our description of fusion at
the bombarding energies near the Coulomb barrier taking into
consideration the orientation effects.

The properties of several nuclei from the α-decay chains
containing the isotopes 268–271Hs were investigated. The
calculated energies of α decays are in satisfactory agreement
with the available experimental data. For even-odd nuclei
253Fm, 257,259No, 261,263Rf, 265,267Sg, 269,271Hs, 273Ds, and
277Cn, the calculated one-quasineutron spectra were presented
and possible isomeric states were predicted. In the nuclei 269Hs
and 271Hs the lowest K isomers are the states 1/2−[761] at
Eμ ≈ 25 keV and 3/2+[611] at Eμ ≈ 90 keV, respectively.
One cannot exclude the α decay and spontaneous fission, due
to the small hindrance in K , from the isomer state 1/2−

1 [761]
of 261Rf.

The presence of isomeric states in several nuclei considered
is expected. In the even-even heavy nuclei 252Fm, 256No,
260,262Rf, 264,266Sg, 268,270Hs, and 272Ds, the two-quasiparticle
states and α decays from them were treated. In the nuclei 268Hs
and 270Hs the lowest K-isomers are the states 6+

ν , 10−
ν at Eμ ≈

1.3 MeV and 5−
ν , 10−

ν at Eμ ≈ 1.1 MeV, respectively. The α
decays of isomeric state can be observed if the value of Tα is
less than lifetime of K isomer with respect to the γ emission.
The transitions 270Hs(10+

π )
α−→266Sg(7−

π )
α−→262Rf(7−

π or 5−
π )

between the isomeric states fit well the chain 14 in Ref. [5]
ascribed to 271Hs. The spontaneous fission of 264Sg in the

TABLE III. Possible α decays of indicated heavy nuclei starting from 271Hs. The calculated values of Qα and Tα , and tentatively related
experimental values Qexp

α of Qα are listed.

Nucleus Decay mode Qα (MeV) Tα Qexp
α (MeV)

271Hs 9/2+[615]
α−→ 9/2+[615]

γ−→11/2−[725] 9.3 3.24 s 9.27, 9.44 [5,6]

3/2+[611]
α−→ 3/2+[611]

γ−→1/2−[761],11/2−[725] 9.12 11 s
267Sg 11/2−[725]

α−→ 11/2−[725]
γ−→7/2+[613] 8.145 2950 s 8.32 [6]

1/2−[761]
α−→ 1/2−[761] 8.26 1225 s

263Rf 1/2−[761]
α−→ 1/2−[761]

γ−→3/2+[622] 7.8 9045 s

7/2+[613]
α−→ 7/2+[613]

γ−→3/2+[622] 7.87 5027 s
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FIG. 16. The calculated energies Eμ of low-lying two-
quasiparticle states in the indicated nuclei of the α-decay chain of
270Hs. The calculated values of Qα are compared with available
experimental Qexp

α [5,6].

event number 7 in Ref. [61] with relatively long lifetime one
can relate to the fission from the isomeric state 5−

π .
Besides the ground-state minima, the additional shallow

minima were found on the potential energy surface of
the nuclei 268–271Hs, 264–267Sg, and 261,263Rf. Because these
minima correspond to the deformation parameters close to
those for the ground states, one can say that they are the shape
isomers at the normal deformation. Because these additional
minima are shallow, the nucleus can not be kept in them long
enough to observe the γ transitions. However, the additional
potential minima near the ground state can give evidence only
in the α decays of heavy nuclei. The α decays can populate
these minima in the daughter nucleus if they are quite close in
energy to the ground state. The good candidate is the α decay

FIG. 17. The same as in Fig. 16, but for the nuclei of the α-decay
chain containing 268Hs. The calculated values of Tα are listed. The
experimental values Qexp

α of Qα are from Ref. [47].

of 265Sg. Present experimental information is not sufficient
to conclude whether the additional shallow potential minima
found in a few nuclei have physical meaning. The appreciably
larger pairing strength would wash out these minima. So, more
data should be available to make a definite conclusion about
the role of additional shallow minima near the ground state
minimum.
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