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Background: Calculations of the structure of the low-lying states of nuclei with Z = 97–109 play an important
role in understanding the properties of nuclei belonging to the new region of the nuclide chart, which is available
now for experimental study.
Purpose: To calculate quasiparticle-phonon structure and the reduced γ -transition probabilities for the excited
states with excitation energies below 1 MeV for odd-proton nuclei with Z = 97−109.
Methods: The quasiparticle-phonon model, which takes into account the quasiparticle-phonon interaction of
different multipolarities, is used as a basis for the calculations.
Results: The quasiparticle-phonon structure and the γ -reduced transition probabilities of odd-proton nuclei
263,265,267,269Mt, 259,261,263,265Bh, 255,257,259,261,263Db, 251,253,255,257,259,261Lr, 249,251,253,255Md, 245,247,249,251Es, and
243,245,247Bk are calculated. The α-decay chains starting from 263,265,267,269Mt are analyzed.
Conclusion: The structure of the nuclear states with excitation energies below 1 MeV in the considered nuclei
is mainly exhausted by the one-quasiparticle component. However, in some isotopes the quasiparticle-phonon
admixtures plays an important role to destroy the smooth isotopic dependence of energy of the states. The nuclei
in the α-decay chains starting from 263,265,267,269Mt have up to two α-decay lines. The number of α-decay lines
could be different in the α-decay chain and in the direct production of the nucleus.
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I. INTRODUCTION

Recent experimental studies of superheavy nuclei [1–7]
have led to the production of new nuclei, and provided us
valuable information about their single-particle excitations
and equilibrium deformations. To support the experimental
investigations, the systematic calculations of excitation spec-
tra of heaviest nuclei have been performed [8–13] within the
model of independent quasiparticles, or in the model includ-
ing quasiparticles and phonons with the quasiparticle-phonon
coupling. The last one is important for correct description of
the excitation spectra [14–16]. These calculations, along with
experimental results, allowed us to assign quantum numbers
to the states observed and analyze the α-decay chains. The
models without quasiparticle-phonon coupling usually result
in a smooth isotopic dependence of spectrum. However, there
are some irregularities found in the experiments [17] which
are waiting to be explained. We expect the quasiparticle-
phonon coupling may be the cause of these irregularities.

The microscopic approaches, which are used to study
the structure of heaviest nuclei, are either the self-consistent
ones based on some variants of the energy-density functional
[18–32] or the microscopic-macroscopic methods [10,11,33–
39] and the quasiparticle-phonon model (QPM) [40–43].

In Refs. [12,13], the calculated low-lying spectra and
the reduced γ -transition probabilities between the low-lying
states of the odd neutron nuclei with Z = 100, 102, 104,

106, 108 have been presented. In the present work the re-
sults of similar calculations but for the odd-proton transcurie
nuclei are given. The method applied has been used previ-
ously to describe the structure of the well-deformed rare-earth
and actinides nuclei with A > 228 [44–52]. The calculations
performed provide us a good basis for the investigation of
appearance of the isomeric states in heaviest nuclei. The life-
times of found isomeric states are estimated and possible α

decays from these states are discussed. The α-decay chains
starting from 263,265,267,269Mt are analyzed to find possible
α-decay energies. The number of α-decay lines may depend
on whether the nucleus is directly obtained or after the α decay
of the parent nucleus.

II. MODEL HAMILTONIAN

The QPM Hamiltonian has the following structure:

H = Hsp + Hpair + HM + HSM , (1)

where Hsp is the single-particle part of the total Hamiltonian,
Hpair describes the monopole pairing forces with strength set
to reproduce the odd-even differences of the experimental
nuclear masses. The terms HM and HSM in Eq. (1) take into
account the multipole and spin-multipole residual forces. The
mean field potential in Hsp contains the central potential in
the Woods-Saxon (WS) form for neutrons and protons, the
spin-orbit part, and the Coulomb field for protons where the
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TABLE I. The values of the quadrupole β2 and hexadecapole β4 deformation parameters and the energies (in keV) of the most collective
low-energy phonons used in the calculations. They are rounded up to 10 keV.

Nucleus β2 β4 ω(Kπ
i = 0+

1 ) ω(Kπ
i = 2+

1 ) ω(Kπ
i = 0−

1 ) ω(Kπ
i = 1−

1 ) ω(Kπ
i = 2−

1 )

263Mt 0.263 −0.034 770 900 890 1025 740
265Mt 0.254 −0.041 1620 1580 1330 1740 1370
267Mt 0.269 −0.054 900 700 1300 1200 950
269Mt 0.250 −0.052 1250 1860 1800 1735 1860
259Bh 0.262 −0.006 1350 1840 2300 1300 1980
261Bh 0.266 −0.008 1600 1700 1210 1640 935
263Bh 0.259 −0.031 1560 1530 940 1600 980
265Bh 0.262 −0.034 1475 1520 1140 1790 1200
255Db 0.253 0.002 1040 1750 1140 1040 1160
257Db 0.262 0.023 1520 1960 2500 590 900
259Db 0.251 −0.010 1530 1610 2310 1800 1435
261Db 0.246 −0.020 1470 1440 920 1190 800
263Db 0.256 −0.028 1350 1420 1050 1670 980
251Lr 0.266 0.033 1380 2000 1915 1760 1570
253Lr 0.266 0.033 1530 1950 1075 580 460
255Lr 0.254 0.029 1200 1300 1300 1000 900
257Lr 0.253 0.016 1200 1300 1200 1000 900
259Lr 0.253 0.002 1440 1400 1760 1660 1145
261Lr 0.251 −0.010 1390 1450 920 1420 1210
249Md 0.277 0.037 1200 1100 1500 1100 590
251Md 0.279 0.035 1200 1300 1300 1000 900
253Md 0.266 0.033 1200 1300 1300 1000 900
255Md 0.279 0.035 1200 1300 1310 1000 900
245Es 0.275 0.039 1200 1300 800 1000 1400
247Es 0.275 0.039 990 1080 1200 900 950
249Es 0.277 0.037 1200 1300 1310 1000 900
251Es 0.261 0.037 1160 1335 1030 1180 870
243Bk 0.272 0.041 930 1290 1590 1220 1690
245Bk 0.272 0.041 1430 1680 1570 1530 1680
247Bk 0.272 0.041 1380 1530 1920 1210 1630

spin-orbit potential is defined as in Ref. [40] taking into
account the isospin dependence of the central potential. The
depth of the WS potential

VW S = −V0{1 + exp[(r − R(θ, ϕ))/a]} (2)

for protons and neutrons is set as V0 = 54.25 ± 39.6(N −
Z )/A MeV. Diffusion parameter is equal to an = 0.72 fm for
neutrons and ap = 0.65 fm for protons. Here, we assume an
axially deformed shape of nuclei

R(θ, ϕ) = R0[1 + β0 + β2Y20(θ, ϕ) + β4Y40(θ, ϕ)], (3)

where R0 = r0A1/3 (r0 = 1.24 fm for protons and 1.26 fm for
neutrons).

The deformation parameters β2 and β4 for each nucleus are
listed in Table I. The parameter β0, which takes into account
the volume conservation, is determined by the relation β0 =
− 1

4π
(β2

2 + β2
4 ). For nuclei under consideration the values of

β2 are in the range 0.246–0.279. These values correspond
to the well-deformed nuclei, only for Bk isotopes are the
values of β2 the same. Some regularities are not visible in
dependence of β2 on the number of neutrons in isotones. This
suggests that variations of β2 are related to the characteristics
of the last occupied level. The value of β4 changes a sign with
increasing number of protons. Being positive in Bk, Es, and

Md isotopes it takes negative value in Bh and Mt isotopes. The
calculation of the equilibrium deformations are carried out us-
ing the microscopic-macroscopic method with the two-center
shell model potential [34,37,38] taking into account pairing
and Strutinsky shell corrections [53,54]. Note that with the
parameters used, the energy spectra of the Woods-Saxon and
the two-center potentials coincide with a good accuracy (see
Fig. 1 in [12]).

To describe the long-range particle-hole residual inter-
action, the effective separable forces are used. All other
information about the Hamiltonian is given in [12,13].

After transformation to quasiparticle and phonon operators
the Hamiltonian takes the form

H =
∑

q

εqα
+
q αq +

∑

μπ i

ωμπ iQ
+
μπ iQμπ i

+
∑

qq′μπ i


qq′μπ iα
+
q αq′ (Q+

μπ i + Qμπ i ), (4)

where α+
q is the creation operator of the quasiparticle in the

state q with the energy εq and Q+
μπ i is the creation operator

of the ith phonon with the energy ωμπ i in the state with given
angular momentum projection μ and parity π . Thus, in the
random phase approximation the problem is reduced to de-
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termine the phonon energies in even-even nuclei and then the
excitation energies of odd-A nuclei. Note, that the amplitudes

qq′μπ i of the quasiparticle-phonon interaction do not contain
free parameters and are uniquely determined by the matrix
elements of the residual interaction, phonon energy, and other
phonon characteristics.

The Hamiltonian (4) is diagonalized in the configura-
tion space including single quasiparticle and quasiparticle ⊗
phonon states. We confine ourselves in this paper by three
lowest phonon states (i = 1, 2, 3) with μ = 0, 1, 2, 3. As
shown in our calculations, the contribution of the phonons
with higher i and μ to the wave functions of the states with
energies lower than 1 MeV is small.

However, the coupling to giant resonances should be dis-
cussed separately because of the strong collectivity of these
modes. As mentioned in Ref. [55], the particle-vibration
coupling to high energy excitations creates an additional con-
tribution to the single-particle energies of the order of εF A−1,
where εF is the Fermi energy. For nuclei under consideration
it gives ∼150 keV. At the same time, the particle-vibration
coupling is not self-consistently treated in our approach that
can introduce some uncertainties in the calculations and limit
the accuracy. Therefore, we limit ourselves to the coupling
only with the low-lying vibrational modes, which contribute
the most to fluctuations in the average nuclear potential. The
values of their energies are listed in Table I in keV, where
they are rounded up to 10 keV. The calculations include
single-particle states with the energies from the bottom of the
potential well up to +5 MeV.

The basic set of the Woods-Saxon parameters and the spin-
orbit strength were justified in our previous publications based
on the numerous calculations of the one-quasiparticle spectra
of well studied heavy nuclei. We use the same parameter set
also for superheavy nuclei. To check a sensitivity of the results
to the variation of the Woods-Saxon parameters, the calcula-
tions were performed not only with the basic set but also with
the other sets of the single-particle potential parameters. As
shown, the reasonable variations of the radius and diffuseness
parameters do not cause large changes in the energy spectra.
The variation of the spin-orbit strength produces larger devi-
ations in energies. However, these variations do not exceed
300 keV, which is still acceptable to conclude the stability
of the results obtained. Of course, a significant variation of
the multipole strength constants, which leads to large changes
of the phonon energies, influences strongly on the excitation
spectra, however, only at energies larger than 400 keV where
the admixture of the quasiparticle ⊗ phonon components can
be essential. Other details of calculation scheme are given in
Refs. [12,13].

III. EXCITATION SPECTRA AND γ TRANSITIONS
IN ODD-PROTON NUCLEI WITH Z = 97–109

Using the theoretical approach formulated above and the
basic set of the parameters given in Refs. [12,13] we calculate
the excitation spectra and the reduced γ -transition probabili-
ties in the odd-proton nuclei: 263,265,267,269Mt, 259,261,263,265Bh,
255,257,259,261,263Db, 251,253,255,257,259,261Lr, 249,251,253,255Md,
245,247,249,251Es, and 243,245,247Bk. The calculations are re-

FIG. 1. Calculated spectra of 243,245,247Bk. The structure of all in-
dicated states is exhausted by one-quasiparticle component. Possible
γ transitions are marked together with the corresponding reduced
transition probabilities in Weisskopf units.

stricted by the excitation energies below 1 MeV. With
some exception the corresponding excited states have a
one-quasiparticle structure. In many cases a weight of the one-
quasiparticle component exceeds 90%. However, in several
isotopes the structure of the high-lying states is determined by
the quasiparticle⊗phonon component. The phonons, which
play a role, are mainly the octupole ones with K = 1 or 2,
or β-vibrational one.

As follows from our calculations, the following single-
particle proton Nilsson states determine the structure of
the nuclei considered at excitation energies below 1 MeV:
3/2−[521], 7/2+[633], 7/2−[514], 9/2+[624], 1/2−[521],
5/2−[512], and 11/2+[615]. In this sequence they succes-
sively replace each other as the ground nuclear states with
increasing number of protons. Being the ground states for nu-
clei with a certain number of protons, they begin to appear as
the excited states with an increase or decrease in the number of
protons, gradually moving away from the ground state. Since
the calculated deformations of nuclei under consideration vary
little with the number of nucleons, the above sequence of
the single particle states corresponds to the gradual filling by
protons of the single particle states of the mean field potential
used. This means that experimental information on the spec-
trum of the excited states of nuclei under consideration will
either confirm the correctness of the mean field potential used,
or indicate the need to change it. Note that information about
the mean field potential of the nucleus is of great importance
in calculating the survival probability of superheavy nuclei.

A. Excitation spectra and γ transitions in Bk isotopes

The calculated excitation spectra of Bk isotopes together
with the reduced γ -transition probabilities are shown in Fig. 1.
In these nuclei the calculated ground state is 3/2−[521], which
coincides with the experimental assignment [56]. In all three
isotopes the calculated first excited state is 7/2+[633] as in the
experimental data. This 7/2+ state decays in the considered
nuclei by M2 transition to the ground state with B(M2) ≈
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FIG. 2. Calculated spectra in isotopes of Es. Available experi-
mental energies [56] of the 7/2− state are indicated.

0.06 W.u. and by E3 transition with B(E3) = 0.04−0.06 W.u.
The values of B(M2) correspond to γ -decay lifetime τγ ≈
0.1−10 ms. Thus, the first excited state 7/2+ at an energy
of about 100 keV can be treated as an isomeric one.

The higher lying group of the excited states 1/2+, 5/2+,
and 7/2− is located around 500 keV. These states decay
mainly to the ground or to the first excited state. Note, that
in 243Bk the 5/2+[642] state is lying 250 keV lower than
in 245,247Bk because of the more complicated structure of
the 5/2+ in 243Bk where the weight of the one-quasiparticle
component is 87%. In 245,247Bk the corresponding weights are
98% and 100%. The calculated quadrupole and hexadecapole
deformations are the same in all Bk isotopes considered.

The next excited state 3/2+[402] of 243Bk (626 keV) has an
excitation energy by 200 keV lower than in 245,247Bk, where
its excitation energy is around 800 keV. The weight of the
one-quasiparticle component of this state in 243Bk is 76%
and there is a one-quasiparticle⊗phonon component with 0+
phonon. The main component of the 3/2+ state in 245,247Bk is
3/2[651].

The lowest 1/2+ and 5/2+ have as the main components
1/2[660] and 5/2[642] Nilsson states lying below Fermi level
in the considered nuclei.

B. Excitation spectra and γ transitions in Es isotopes

In Figs. 2–4, the calculated excitation spectra and the
reduced γ -transition probabilities are shown in the Es iso-
topes. In all considered isotopes the calculated ground state
is 7/2+[633] and the first excited state is 3/2−[521] at about
50–100 keV. In the experimental spectra of 245,247,251Es, the
ground state is 3/2− and only in 249Es the ground state is
7/2+. However, the experimental first excited state 7/2+ is
at very small excitation energy.

In all considered isotopes of Es, the first excited state
decays into the ground state by M2 and E3 transitions. In
243,245,247,249Es the value of the B(E3; 3/2− → 7/2+) is about
10−3 W.u. and B(M2; 3/2− → 7/2+) is about 0.06 W.u. The
estimated lifetime is τγ ≈ 1–3 ms, i.e., the calculated 3/2−
states can be treated as the isomeric ones.

FIG. 3. The same as in Fig. 1, but for 243,245,247Es.

The calculated second excited state in considered Es iso-
topes is 7/2−[514], excluding 251Es. Its excitation energy
takes the value between 100–200 keV, although in 251Es the
excitation energy of the 7/2− state increases up to 600 keV.
According to our calculations this state decays mainly to the
ground state by E1 transition with B(E1; 7/2− → 7/2+) ≈
10−4 W.u. with corresponding lifetime τγ ≈ 1 ns.

The calculated spectrum of the excited states of 251Es
shows an interesting feature associated with a sharp decrease
in the calculated energy of the octupole phonon excitation
of the even-even core of this nucleus compared to neigh-
boring ones. As a result, the structure of the lowest excited
states is changed. If in 249Es and 253Es 7/2+ (gs), 3/2− and
5/2+ (581 keV and 675 keV, respectively) are almost one-
quasiparticle states, in 251Es they have noticeable components
of the quasiparticle⊗phonon type, while the weight of the
one-quasiparticle component decreases to 87% in the 7/2+
state, to 71% in the 3/2− state, and to 68% in the 5/2+
state. At the same time, the structure of the 7/2− state is
almost exhausted by the one-quasiparticle component (93%).
As a result, the 7/2+, 3/2−, and 5/2+ states drop sharply in
energy relative to the 7/2− state, due to the effect of increased

FIG. 4. The same as in Fig. 1, but for 249,251,253,255Es.
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FIG. 5. The same as in Fig. 2, but for the isotopes of Md. Avail-
able experimental energies of the 1/2− state are indicated.

quasiparticle-phonon interaction, which manifests itself in the
spectrum as a sharp increase in the excitation energy of the
7/2− state.

The next group of the excited states in the isotopes of Es
consists of 1/2−, 5/2+, and 9/2+. Their excitation energies
take the values in the interval 400–800 keV. The 1/2− state
decays by M1 transition to the first excited 3/2− state with
B(M1) ≈ 1 W.u. Only in 251Es the calculated value of B(M1)
for this transition is 0.14 W.u. This value corresponds to the
lifetime τγ = 3 ps.

Above 600 keV the excitation spectrum of 251Es is much
more dense than the excitation spectra of 243,245,247,249Es.
The reason is a presence of the low-lying Kπ = 2− octupole
phonon in the calculated spectra of the even-even neighbors
of 251Es. Collectivity of this octupole phonon decreases with
decreasing number of neutrons.

C. Excitation spectra and γ transitions in Md isotopes

The calculated ground state of 249,251,253,255,257Md is a
one-quasiparticle 7/2−[514] state (Fig. 5). This result is
in agreement with the experimental information. The cal-
culated first excited state in 251,255,257Md is 1/2−[521]
one-quasiparticle state that is in agreement with the ex-
perimental data [56]. The one-quasiparticle state 1/2− can
decay only to either 7/2− or 7/2+ state and, thus, it is
an isomeric one (Fig. 6) because of large �K in transi-
tion. The excited state 7/2+[633] at 100–150 keV decays by
E1 transition to the ground state with B(E1) ≈ 10−6 W.u.
and τγ ≈ 10 ns.

In 253Md, the 3/2−[521] state decays by M1 transition
with B(M1) = 0.5 W.u. to the 1/2−[521] state and 9/2+[624]
state decays by M1 transition with B(M1) = 1.4 W.u. to
the 7/2+(224 keV) state. In the other considered isotopes
of Md the calculated M1 transition strengths are almost the
same.

FIG. 6. The same as in Fig. 1, but for 249,251,253,255,257Md.

D. Excitation spectra and γ transitions in Lr isotopes

In 253,259,261Lr the calculated ground state is 9/2+[624].
The calculated first excited state in these isotopes is 1/2−[521]
at 104, 28, and 17 keV, respectively. In 251,255,257Lr the cal-
culated ground state is 1/2−[521] and the first excited state
is 9/2+[624] with excitation energy below 100 keV. Since
γ transitions between these states are weak because of large
�K and small energy differences, the first excited state in
Lr isotopes is an isomeric one (Fig. 7). The experimen-
tally known ground state of 255Lr is determined, preliminary,
as 1/2−. In 253Lr the observed ground state is determined,
preliminarily, as 7/2−. In the calculated spectra of 253Lr
the 7/2−[514] state has the excitation energy of 475 keV
(Fig. 7). However, in other considered isotopes of Lr the
calculated 7/2−[514] is the second excited state which decays
to the 9/2+ state with B(E1) ≈ 10−6 W.u. corresponding to
τγ ≈ 30 ns.

In the calculated spectra of 251,255,257,259,261Lr the next
group of the excited states consists of 5/2−[512], 3/2−[521],
and 7/2+[633]. The reason of the difference between the
calculated spectra of 253Lr and other Lr isotopes is a strong
admixture of a quasiparticle⊗phonon component with Kπ =

FIG. 7. The same as in Fig. 1, but for 251,253,255,257,259,261Lr.

044302-5



L. A. MALOV et al. PHYSICAL REVIEW C 108, 044302 (2023)

FIG. 8. The same as in Fig. 1, but for 255,257,259,261,263Db.

2− in the wave functions of 5/2−
1 , 3/2−

1 , and 7/2+
1 states

of 253Lr. In 253Lr 5/2−(233 keV) state decays by E2 tran-
sition to the 1/2−(104 keV) state with the corresponding
lifetime τγ ≈ 20 μs. The 3/2−(270 keV) state decays by
M1 transition to the 1/2−(104 keV) state with B(M1) ≈
0.3 W.u. The 7/2+

1 (399 keV) state decays by the collective
E3 transition with B(E3) = 56 W.u. to the 3/2−(270 keV)
state and by M1 transition with B(M1) = 1.1 W.u. to the
ground state. Thus, there is only one isomeric state in Lr
isotopes.

E. Excitation spectra and γ transitions in Db isotopes

The calculated ground state of 255,259,261,263Db is
1/2−[521] (Fig. 8). In 257Db, the calculated ground state
is 9/2+[624]. In this nucleus 1/2−[521] is the first excited
state with with an energy of 84 keV. According to the
preliminary experimental data the ground state of 257,259Db
is 9/2+ [56]. In 259,261,263Db the calculated low-lying 9/2+
state is the isomeric one (Fig. 8). The one-quasiparticle state
9/2+[624] is the second excited state in 255,263Db with an
excitation energy of 102 and 147 keV, respectively, and
the first excited state in 259,261Db with an energy of 126
and 87 keV, respectively. Its lifetime with respect to the M2
transition to the first excited one-quasiparticle 5/2−[512] state
is larger than 6 ms. Thus, this state is predicted as an isomeric
one.

F. Excitation spectra and γ transitions in Bh isotopes

In 259,261,263,265Bh, the calculated ground state is 5/2−[512]
(Fig. 9). The next group of the excited nonrotational states
in these isotopes which contains 1/2−[521], 11/2+[615], and
9/2+[624] one-quasiparticle states is located between 300
keV–600 keV. In the calculated spectra of 261,263,265Bh there
are no other excited states below 1 MeV. As follows from our
calculations, the low-lying isomeric states are not expected in
Bh isotopes.

FIG. 9. The same as in Fig. 1, but for 259,261,263,265Bh.

G. Excitation spectra and γ transitions in Mt isotopes

In 263,265,267,269Mt isotopes, the calculated ground state is
11/2+[615] and the first excited state 5/2− is the isomeric
one (Fig. 10). The α-decay lifetime from this isomeric state is
estimated as at least two orders shorter than the E3 γ -decay
lifetime. So, the α decay of Mt isotopes considered could have
two α-decay lines.

IV. α-DECAY CHAINS OF MT ISOTOPES

α-decay chains of Mt isotopes considered are presented in
Figs. 11 and 12. If these isotopes are produced in complete
fusion reactions, the ground 11/2+ as well as isomeric 5/2−
states are populated in them. The lifetime of the 5/2− state
with respect to the γ decay to the ground state is about 2.5
ms, whereas its lifetime with respect to the α decay to the
ground state of Bh is about 0.25 ms. So, the α decay from
the isomeric state in Mt can occur. The α decay of the 5/2−
state populates the ground state of Bh. The ground state of Mt
isotopes decay to the 11/2+ excited state in Bh. This excited

FIG. 10. The same as in Fig. 1, but for 263,265,267,269Mt.
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FIG. 11. Possible α-decay chains starting from 263,265,267,269Mt.
The calculated values of Qα are given in MeV and the γ transitions
following α decay are marked.

state decays to the ground state of Bh either directly by E3
transition with τγ = 0.8 ms or through 9/2+ state. Its α-decay
lifetime to Db is much longer, about a few seconds. Thus,
the α decay of Bh isotopes considered occurs only from the
ground state and populates the 5/2− state in the corresponding
isotopes of Db. The last state decays by E2 transition to the
ground state of 255,259,261Db (1/2−[521]) with corresponding
τγ ≈ 1 ms, whereas the allowed α decay from the 5/2− state
to corresponding state in Lr requires about 9.3 sec. So, the
α decay of Bh mainly leads to the population of the ground
state of Db, while the direct production of Db leads to the
populations of two states (1/2− and 9/2+) from which α

FIG. 12. Possible α-decay chains starting from 257,259,261Db. The
calculated values of Qα are given in MeV and the γ -transitions
following α-decay are marked.

decays are possible. In the last case the α decay of Db has
two lines.

The α decays from the ground and isomeric states of Db
populate the corresponding states in Lr where they are very
close in energy. Thus, the α decay of Lr can occur from the
ground and isomeric states regardless of whether Lr is formed
directly or in the α decay of Db. However, in the α-decay
chains of Mt isotopes the Lr likely has only one α-decay line
because in these chains only one state is populated in Db. The
α decay of the ground state of Lr populates the isomeric 1/2−
state in Md. The α decay of this isomer looks unlikely, since
it takes more than 30 s, and the transition of Md to its ground
state is more likely. Thus, the α decay of Md has only one line.

In Ref. [57], the ground and isomeric states of 253,255Lr are
either 7/2− or 1/2−. In our calculation there is 9/2+ state
instead of 7/2−. The α-decay energies, which are calculated
as in Ref. [38], are in good agreement with the experimental
ones. So, based on the existing experimental data we cannot
prove or disprove the calculated spectra of Lr isotopes.

V. SUMMARY

The systematic calculations of the excitation spectra, struc-
ture of the wave functions, and the γ -transition probabilities
of odd-proton nuclei with Z = 97–109 were performed. The
QPM was used to take into account the monopole pairing
and the quasiparticle-phonon interaction. This model is im-
proved by finding out the ground-state deformations for each
nucleus using the microscopic-macroscopic approach. It is
shown that the structure of nuclear states in the considered
nuclei is mainly exhausted by the one-quasiparticle compo-
nents. However, in some isotopes the quasiparticle⊗phonon
admixtures can play an important role. The quasiparticle-
phonon interaction influences the ordering of the levels at
the excitation energies characterized by quite dense excitation
spectra and destroys the smooth isotopic dependence of state
energies. Note, that for all considered nuclei the calculations
are performed with the fixed parameters of the Hamiltonian
which seem to be reliable in the wide region of the nuclide
chart including heaviest nuclei. The calculated γ -transition
probabilities allow us to find the isomeric states in the spectra
of nuclear excitations and estimate the lifetimes of isomers.

The α-decay chains starting from 263,265,267,269Mt were
analyzed. The nuclei in these α-decay chains have either
one or two α-decay lines. The number of α-decay lines
can depend on whether the nucleus is produced directly or
after the α decay of the parent nucleus. This fact deserves
experimental study.

The calculated excitation spectra of the considered nuclei
being compared with the experimental ones will give us in-
formation on the mean field potentials of heavy nuclei. This
information is of great importance for calculations of the
survival probabilities of superheavy nuclei.
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[8] S. Ćwiok, S. Hofmann, and W. Nazarewicz, Nucl. Phys. A 573,
356 (1994).
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T. Vertse, and S. Ćwiok, Phys. Rev. C 61, 034313
(2000).

[28] Y. Shi, D. E. Ward, B. G. Carlsson, J. Dobaczewski, W.
Nazarewicz, I. Ragnarsson, and D. Rudolph, Phys. Rev. C 90,
014308 (2014).

[29] S.-G. Zhou, Phys. Scr. 91, 063008 (2016).
[30] Z.-X. Li, Z.-H. Zhang, and P.-W. Zhao, Front. Phys. 10, 102101

(2015).
[31] M. Bender, P.-H. Heenen, and P.-G. Reinhard, Rev. Mod. Phys.

75, 121 (2003).
[32] P. Klüpfel, P.-G. Reinhard, T. J. Burvenich, and J. A. Maruhn,

Phys. Rev. C 79, 034310 (2009).
[33] P. Moller, J. R. Nix, W. D. Myers, and W. J. Swiatecki, At. Data

Nucl. Data Tables 59, 185 (1995).
[34] J. Maruhn and W. Greiner, Z. Phys. 251, 431 (1972).
[35] G. G. Adamian, N. V. Antonenko, and W. Scheid, Phys. Rev. C

81, 024320 (2010).
[36] G. G. Adamian, N. V. Antonenko, S. N. Kuklin, and W. Scheid,

Phys. Rev. C 82, 054304 (2010).
[37] G. G. Adamian, N. V. Antonenko, S. N. Kuklin, B. N. Lu, L. A.

Malov, and S. G. Zhou, Phys. Rev. C 84, 024324 (2011).
[38] A. N. Kuzmina, G. G. Adamian, N. V. Antonenko, and W.

Scheid, Phys. Rev. C 85, 014319 (2012).
[39] V. G. Kartavenko, N. V. Antonenko, A. N. Bezbakh, L. A.

Malov, N. Yu. Shirikova, A. V. Sushkov, and R. V. Jolos, Chin.
Phys. C 41, 074105 (2017).

[40] V. G. Soloviev, Theory of Complex Nuclei (Pergamon Press,
Oxford, 1976).

[41] V. G. Soloviev, Theory of Atomic Nuclei: Quasiparticles and
Phonons (Institute of Physics Publishing, Bristol, 1992).

[42] N. Lo Iudice and Ch. Stoyanov, Phys. Rev. C 65, 064304
(2002).

[43] N. Tsoneva, Ch. Stoyanov, Yu. P. Gangrsky, V. Yu. Ponomarev,
N. P. Balabanov, and A. P. Tonchev, Phys. Rev. C 61, 044303
(2000).

[44] A. L. Komov, L. A. Malov, and V. G. Soloviev, Izv. AN SSSR,
Ser. Fiz. 35, 1550 (1971).

[45] F. A. Gareev, S. P. Ivanova, L. A. Malov, and V. G. Soloviev,
Nucl. Phys. A 171, 134 (1971).

[46] S. P. Ivanova, A. L. Komov, L. A. Malov, and V. G. Soloviev,
Izv. AN SSSR, Ser. Fiz. 39, 1612 (1975).

[47] S. P. Ivanova, A. L. Komov, L. A. Malov, and V. G. Soloviev,
Izv. AN SSSR, Ser. Fiz. 37, 911 (1973).

[48] L. A. Malov and V. G. Soloviev, Phys. Part. Nucl. 11, 111
(1980).

[49] R. Nojarov and A. Faessler, Nucl. Phys. A 484, 1 (1988); V. G.
Soloviev, A. V. Sushkov, and N. Yu. Shirikova, Phys. Part. Nucl.
25, 157 (1994).

[50] L. A. Malov, Izv. RAN, Ser. Fiz. 60, 47 (1996).
[51] N. Yu. Shirikova, A. V. Sushkov, and R. V. Jolos, Phys. Rev. C

88, 064319 (2013).
[52] N. Yu. Shirikova, A. V. Sushkov, L. A. Malov, and R. V. Jolos,

Eur. Phys. J. A 51, 21 (2015).
[53] V. M. Strutinsky, Sov. J. Nucl. Phys. 3, 149 (1966).
[54] V. M. Strutinsky, Nucl. Phys. A 95, 420 (1967).
[55] A. Bohr and B. Mottelson, Nuclear Structure, Vol. II (W. A.

Benjamin, Reading, MA, 1975).
[56] http://www.nndc.bnl.gov/ensdf.
[57] T. Huang, D. Seweryniak, B. B. Back, P. C. Bender, M. P.

Carpenter, P. Chowdhury et al., Phys. Rev. C 106, L061301
(2022).

044302-8

https://doi.org/10.1088/0954-3899/34/4/R01
https://doi.org/10.1103/PhysRevLett.104.142502
https://doi.org/10.1103/PhysRevC.87.014302
https://doi.org/10.1140/epja/i2007-10373-x
https://doi.org/10.1016/j.ppnp.2008.05.003
https://doi.org/10.1140/epjd/e2007-00146-1
https://doi.org/10.1140/epja/i2010-11005-2
https://doi.org/10.1016/0375-9474(94)90349-2
https://doi.org/10.1103/PhysRevLett.83.1108
https://doi.org/10.1103/PhysRevC.97.034308
https://doi.org/10.1103/PhysRevC.106.034302
https://doi.org/10.1103/PhysRevC.85.021303
https://doi.org/10.1103/PhysRevC.92.044317
https://doi.org/10.1103/PhysRevC.91.034332
https://doi.org/10.1140/epja/i2005-10171-6
https://doi.org/10.1140/epja/i2009-10826-2
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1088/0256-307X/33/10/102103
https://doi.org/10.1103/PhysRevC.96.014316
https://doi.org/10.1103/PhysRevC.68.034323
https://doi.org/10.1103/PhysRevC.59.154
https://doi.org/10.1103/PhysRevLett.91.262501
https://doi.org/10.1016/j.physletb.2004.11.004
https://doi.org/10.1016/j.physletb.2006.07.064
https://doi.org/10.1103/PhysRevC.55.540
https://doi.org/10.1103/PhysRevC.61.034313
https://doi.org/10.1103/PhysRevC.90.014308
https://doi.org/10.1088/0031-8949/91/6/063008
https://doi.org/10.1103/RevModPhys.75.121
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1007/BF01391737
https://doi.org/10.1103/PhysRevC.81.024320
https://doi.org/10.1103/PhysRevC.82.054304
https://doi.org/10.1103/PhysRevC.84.024324
https://doi.org/10.1103/PhysRevC.85.014319
https://doi.org/10.1088/1674-1137/41/7/074105
https://doi.org/10.1103/PhysRevC.65.064304
https://doi.org/10.1103/PhysRevC.61.044303
https://doi.org/10.1016/0375-9474(71)90368-X
https://doi.org/10.1016/0375-9474(88)90138-8
https://doi.org/10.1103/PhysRevC.88.064319
https://doi.org/10.1140/epja/i2015-15021-4
https://doi.org/10.1016/0375-9474(67)90510-6
http://www.nndc.bnl.gov/ensdf
https://doi.org/10.1103/PhysRevC.106.L061301

