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Role of quasiparticle structure in « decay of superheavy nuclei
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XDepartment of Physics, Lund University, 22100 Lund, Sweden

® (Received 25 July 2022; accepted 2 March 2023; published 31 March 2023)

We use the superfluid tunneling model (STM) to calculate the half-lives of « decays of odd-A and odd-
odd superheavy nuclei (SHN) with Z > 100 and A > 250. The experimental data are reproduced to accuracies
comparable to other contemporary models of the o decay of the SHN. We then apply the STM to examine the
influence of the quasiparticle structure on the properties of the chains of o decays arising from odd-A SHN.
Using representative calculations of the one-quasi-particle structure of odd-Z and odd-N SHN, we illustrate the
important role played by high-$2 orbitals in defining the observed characteristics of the a-decay chains. We point
out sources of possible ambiguity that may arise due to the quasiparticle structure when assigning «-decay chains

to specific SHN.

DOLI: 10.1103/PhysRevC.107.034321

I. INTRODUCTION

New experiments are addressing the fundamental issue of
the maximum limit of nuclear mass and charge. Observa-
tion of elements with atomic numbers 112 < Z < 118, [1-8],
has resulted in the completion of the seventh period of the
Periodic Table. A common decay mode of the nuclei of
these superheavy elements is « decay, which can dominate
over other possible decay modes, such as electron capture or
fission.

Fine structure observed in the « decay is indicative of
population and decay between the ground states and excited
states in the parent and daughter isotopes, and often gives
the first structural information on the excitations of these
nuclei. Notable examples of «-decay fine structure include
the case of the even-even (e-e) nucleus 2’°Ds (darmstadtium,
Z = 110), which arises from high-K isomers present in nuclei
of the a-decay chains [9—-11]. Other cases of w-decay fine
structure are known in odd-A and odd-odd (0-0) nuclei, where
multiple «-decay pathways can lead to different excited states.
A prominent example is 288Mec (moscovium, Z = 115) [12].
After the initial observation of a-decay fine structure, which
indicated population of multiple excited states in nuclei along
the decay chains, follow-up studies led to the identification of
discrete y-ray transitions in the decay schemes of 2’*Mt (meit-
nerium, Z = 109) and ?”’Bh (bohrium, Z = 107) [13,14],
placing constraints on the models of quasiparticle structure for
these nuclei [15]. Most recently, «-decay fine structure and
electromagnetic decays have been observed along the decay
chains of odd-A 2*°Fl (flerovium, Z = 114) giving the first
information on the excited levels and the one quasineutron
structure of these nuclei [16,17].

Theoretically, « decay is usually interpreted as a tunneling
process of an « particle, which has preformed near the nuclear
surface. There are many phenomenological models [18-31]
(and references therein), which treat the decay as though it
involves the binary system of the daughter nucleus and the o
particle. The subsequent decay process is described in terms
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of standard Gamow theory of tunneling through a barrier.
Different aspects of the process can be investigated with such
models. For instance, the influence of surface diffuseness
anisotropies on the decay were investigated recently [32] us-
ing an improved cluster model. The STM allows us to examine
the role of pairing in the decay process, which is important if
one is to understand the role of quasiparticle structure on the o
decay of SHN. Specifically, the occurrence and interpretation
of a-decay fine structure in the «-decay chains of odd-A and
odd-odd SHN requires one to consider three major factors:
(1) the energies of the states involved—the larger the Q value
of the o decay Q,, the shorter the lifetime; (ii) the angular mo-
mentum of the states involved in the decay—a large difference
in angular momentum will give rise to a larger centrifugal
barrier resulting in a longer lifetime; (iii) the role of the odd
particle(s) on the pairing correlations. The superfluid tunnel-
ing model (STM) [33-35] enables us to examine the influence
of each of these factors on the « decay of odd-A and odd-odd
SHN.

Previously [36], it was shown that the STM could be
applied to the description of « decay of the ground state
and multiquasiparticle states across different regions of the
nuclear chart from the neutron-deficient A ~ 150 region up
through the heavy actinide region. In another study [37], we
applied the STM to compare against the experimental data
on all known even-even SHN with 100 < Z < 118, isotopes
of fermium (Z = 100) to oganesson (Z = 118). Remarkable
quantitative agreement, comparable to the fits of recent empir-
ical parametrizations, was found. Notably, we were also able
to reproduce the features of the observed fine structure in the
o decay from the high-K isomer in 2’°Ds [9-11,37].

In this article, we apply the STM to a systematic investiga-
tion of the o decay of odd-A and odd-odd SHN with Z > 100
and A > 250. Once again, we find that the experimental data
are reproduced to accuracies comparable to, or better than,
other contemporary models of o decay of the SHN. We ap-
ply the STM to examine the influence of the quasiparticle

©2023 American Physical Society
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TABLE I. Comparison between the decimal logarithms of the experimental and calculated «-decay half-lives (in seconds) for the known
0dd-A and odd-odd SHN with Z > 100 and A > 250. The first column gives the nucleus of interest. The superscripts " indicate if a second
a-decaying state in the parent nucleus has been included in the analysis. The second column gives the Q value for the « decay, Q, (in MeV
with uncertainties typically less than 0.5% of the absolute value) corresponding to the strongest a-decay branch, taken from the evaluated
nuclear data files [43] or from Refs. [7,8,16,17,44-47]. The experimental «-decay branching ratio is taken into account. The third column
has the decimal logarithm of the experimental half-life again from Refs. [7,8,16,17,43-47]. Generally, the experimental uncertainties in the
half-lives are small enough to be ignored but are included as error bars in Figs. 1-3 for completeness. The fourth—sixth columns are the decimal
logarithms of the a-decay half-lives calculated using the superfluid tunneling model (7,5, stm), the Viola-Seaborg formula [39,40] (T3, vs),
and the Royer formula [41] (7} /2, royer), respectively.

Nucleus 0, MeV) logo(T1/2,expt) (5) log,,(T1/2,5tM) (8) logo(Ti/2,vs) (s) log(T1/2,Royer) (8)
0Odd-A (even-Z, odd-N)
BEm 6.945 6.09 6.39 6.30 6.42
23Fm 7.055 6.71 6.05 5.85 5.89
25Fm 7.134 4.89 5.48 5.52 5.51
27Fm 6.623 6.97 7.73 7.69 7.79
INo? 8.750 0.02 0.50 0.69 0.48
BINoP 8.808 0.02 0.32 0.52 0.29
23No 8.132 223 2.53 2.66 2.54
2%No 8.224 2.72 2.35 2.35 2.18
2No 8.352 1.54 1.68 1.93 1.69
2No 7.623 3.67 429 4.45 435
25RE 8.855 0.58 0.88 1.10 0.89
2R 8.908 0.84 0.85 0.94 0.68
2TRfP 9.083 0.75 0.12 0.43 0.13
29Rf 9.01 0.50 0.23 0.64 0.32
201Rfa 8.41 1.88 222 2.49 2.27
261RfH 8.65 0.85 1.40 1.72 1.44
298¢ 9.76 —0.49 -1.08 —-0.76 —1.13
0189 9.56 —0.74 —0.59 —0.21 —0.58
235g 9.23 0.03 0.33 0.70 0.36
2500 8.98 0.97 1.07 1.45 1.13
265560 8.82 1.26 1.56 1.91 1.62
2989 8.70 2.08 1.88 2.30 1.96
21gg 8.67 2.28 1.94 2.40 2.03
263Hs 10.71 —-2.92 —2.96 —2.47 —3.00
205 g2 10.46 —2.72 —2.39 —1.86 —2.39
265HgP 10.70 —3.52 —3.00 —2.45 -3.01
267Hs 10.00 —1.28 —1.22 —0.72 —1.19
29Hg 9.27 0.99 0.85 1.29 0.93
23Hs 9.73 —0.70 —0.60 —0.01 —0.54
2SHs 9.45 —0.66 0.18 0.78 0.27
29Dg 11.30 —3.57 —3.82 —3.18 —3.83
27Dg 10.89 —2.79 —2.90 —2.26 —2.88
Bpg 11.29 —3.72 —3.87 -3.15 —3.87
21Ds 10.72 —2.22 —2.60 —1.87 —2.57
29Dg 9.87 0.29 —0.32 0.34 —0.22
Blpg 8.75 2.28 2.73 3.24 2.87
27Cn 11.38 —321 —3.51 —2.76 —3.49
Blcp 10.45 —0.89 —1.28 —0.56 —1.18
23Cn 9.67 0.73 0.87 1.52 1.02
B5Cn 9.20 1.62 1.90 2.52 2.07
B5F] 10.56 —0.82 —0.95 —0.19 —0.82
7R 10.16 —0.32 0.06 0.80 0.23
29p] 9.94 0.40 0.79 1.33 0.75
PlLy 10.90 —-1.72 —1.24 —0.38 —1.08
3Ly 10.69 -1.02 —0.94 0.07 —0.63
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TABLE 1. (Continued.)

Nucleus 0Oy (MeV) log,o(Ti/2,expt) (8) log,o (T 2,5tMm) (8) log,o(Ti/2,vs) (8) log,o(T12,Royer) (S)
0Odd-A (odd-Z, even-N)
2vd 7.672 3.41 3.83 3.67 3.79
23Md 7.217 471 5.63 5.40 5.58
23Md 7.430 431 471 4.57 4.68
TMd 7.186 5.12 5.67 5.52 5.65
2832 8.859 0.12 0.51 0.52 0.54
23Lrb 8.927 —0.17 0.30 0.32 0.32
25 8.498 1.59 1.64 1.63 1.67
25 rb 8.592 0.83 1.33 1.34 1.36
2Ly 8.950 —0.69 0.14 0.25 0.19
29Lr 8.484 0.90 1.59 1.67 1.65
25Db 8.859 0.30 1.26 1.24 1.35
2TDp? 9.313 —0.44 -0.18 —0.08 —0.08
27DpP 9.206 0.40 0.14 0.22 0.24
Db 9.62 —0.29 —1.10 —0.92 —1.00
1Dy 9.07 0.23 0.47 0.62 0.60
23Db 8.49 1.82 2.31 2.40 2.45
261Bp 10.16 -1.93 —1.88 —1.65 —1.71
265Bh 9.38 —0.03 0.21 0.41 0.41
267Bh 8.96 1.23 1.46 1.64 1.67
211Bh 9.45 0.26 —0.03 0.31 0.20
Mt 10.49 —1.68 —2.30 —1.81 —2.02
Rg 10.53 —1.03 —1.81 -1.29 —1.44
BiRg 9.41 2.15 1.32 1.70 1.70
283Nh 10.32 —1.09 —0.79 —0.26 —0.33
25Nh 10.01 0.62 0.20 0.70 0.67
BTMc 10.78 —1.38 —1.17 —0.58 —0.65
29Mc 10.49 —0.48 —0.49 0.11 0.06
2937y 11.32 —1.66 —2.02 —1.31 —1.43
0dd-Z, odd-N
20Md 7.97 2.85 3.26 3.22 3.31
26Md 7.320 4.90 5.64 5.58 5.81
28Md 6.824 6.83 7.77 7.62 8.01
22 r 9.150 —0.57 0.13 0.27 0.11
4Ly 8.595 1.43 1.84 1.92 1.89
261 ¢ 8.564 1.92 1.89 2.01 1.96
28 r 8.756 0.94 1.22 1.42 1.28
2000 ¢ 8.161 2.35 3.20 3.32 3.34
26pp 9.157 0.57 0.81 0.95 0.87
23Db 9.341 0.45 0.21 0.42 0.26
20pp 9.183 0.48 0.64 0.87 0.72
222Dp 8.591 2.00 2.49 2.66 2.65
20Dp 8.02 3.68 4.35 4.56 4.62
260Bp 10.32 —1.46 —1.80 —1.47 —1.79
264Bh 9.69 —0.36 —0.14 0.14 —0.08
266Bh 9.56 0.32 0.15 0.50 0.29
20Bh 9.06 1.79 1.59 1.93 1.80
22Bh 9.21 1.02 1.07 1.49 1.28
274Bh 8.94 1.64 1.88 2.30 2.13
260Vt 11.00 —2.77 —2.92 —2.44 —2.89
268 Mt 10.322 —1.15 —1.26 —0.83 —1.14
20Mt 10.18 —0.32 —-0.92 —0.47 —0.78
24 Mt 9.91 —0.36 —0.26 0.25 —0.06
276Mt 10.10 —0.17 —0.84 —0.26 —0.66
28 Mt 9.58 0.65 0.60 1.13 0.85
’Rg 11.15 —2.42 -2.72 -2.16 —2.61
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TABLE 1. (Continued.)

Nucleus 0Oy (MeV) logo(T1/2,expt) (8) log,o(Ti/2,5t™m) (8) log,o(Ti2,vs) (8) log,o(T12,Royer) (S)
4Rg 11.20 -1.92 —2.89 —2.27 —2.77
8Rg 10.85 —2.38 —2.12 —1.47 —1.95
80Rg 10.16 0.64 —0.36 0.24 —0.09
BRe 9.16 2.00 2.64 3.04 2.98
28Nh 11.84 —2.85 —3.77 —3.06 —3.64
282Nh 10.78 —1.14 —1.33 —0.67 —1.06
284Nh 10.20 —0.01 0.18 0.79 0.52
286Nh 9.79 0.98 1.32 1.90 1.72
28Mc 10.70 —0.77 —0.54 0.15 —0.17
20Mc 10.41 —0.19 0.20 0.89 0.61
247y 11.18 —1.29 —1.20 —0.38 —0.79

structure on the properties of the chains of o decays arising
from odd-A SHN. Using representative calculations, of the
one-quasi-particle structure of nuclei in the decay chains orig-
inating from 29Mec, and 2*Lv (livermorium, Z = 116), we
illustrate the important role played by opposite-parity high-£2
orbitals in defining the observed characteristics. We point out
sources of possible ambiguity that may arise due to the quasi-
particle structure when assigning a-decay chains to specific
SHN.

The STM and its application have been discussed in detail
elsewhere [33-38]. For completeness, we describe the main
features of the model in the Appendix. In Sec. II, we compare
the results of the model with the known experimental data on
odd-A and odd-odd SHN and with the results of other models
for the o decay of the SHN. In Sec. III, we present the results
on the a-decay chains of ?°Mc and ?*’Lv, using available
structure calculations in order to qualitatively illustrate the
influence of the quasiparticle structure on « decay and the pos-
sibility of ambiguities of assigning observed a-decay chains
to specific isotopes. Conclusions are presented in Sec. 1V,
which is followed by a short summary.

II. « DECAYS OF ODD-A AND ODD-ODD SHN

Previously [37], we used the STM to calculate the ground-
state-to-ground-state decays for known «-decaying even-even
SHN. By focusing on the even-even systems, we eliminated
ambiguities in Q, and L, which might arise due to possible
excitations of either the parent or the daughter nucleus. The
data were reproduced to within about a factor of 3, which is an
accuracy comparable to that from empirical-fitting approaches
including the Viola-Seaborg (VS) formula [39] (fitted as de-
scribed in Ref. [40]) and the Royer formula (as described in
Ref. [41]). This was taken to indicate that the STM contains all
the physical ingredients necessary for a quantitative descrip-
tion of the o decay of even-even SHN [37].

To perform a systematic study, using the STM of the odd-A
and odd-odd SHN with Z > 100 and A > 250, we have taken
the measured «-particle energy E, of the strongest branch
observed (in many cases, only one branch has been seen or
assigned) and converted it to an associated Q, value to be
used in the calculation. In most cases, except where explicitly
stated in the literature to be otherwise, the initial and final

states are assumed to have the same spin and parity, implying
that L = 0. In regions of deformation, it is known that such
decays are “favored” to occur between states in odd-A nuclei
with the same Nilsson quantum numbers [42]. The situation
may be more complicated for cases of odd-odd nuclei. As
noted in Ref. [36], reduction of pairing from blocking by the
odd particle(s) must be taken into account. It was found that
by reducing the pairing gap parameter to 90% of its standard
value such that A, = 0.9 x A, where A = 12 A~Y2 MeV,
one is able to reproduce the data on known « decays of the
odd-A SHN. Reducing the pairing gap parameter to 80% of
the value of A,_, = 0.8 x A, enables one to reproduce the o
decays of the odd-odd SHN.

In Table I, we present the results of our calculations in
comparison to experimental data. Figure 1 shows that ex-

8
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5 No

4

Ds

= 3 Rf Sg &
=22 H
< . ,
S 1 F
5 Hs

0 s

Lv

* S Cn ’

2 Ds

-3 Hs

iCn
-4 Ds
-5

245 250 255 260 265 270 275 280 285 290 295 300
Mass Number, A

FIG. 1. Decimal logarithm of «-decay half-lives (in seconds)
of odd-A (even-Z, odd-N) isotopes with Z > 100 as a function of
nuclear mass number A. The experimental data are marked with (red)
circles (except where seen, errors are typically less than the size of
the symbol—see comment in the caption of Table I). The results of
the calculations from the STM are shown as filled (blue) squares.
The data points for neighbors in isotope chains indicated with the
corresponding element symbol are joined by solid lines to guide the
eye.
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FIG. 2. The same as Fig. 1 but for odd-A (odd-Z, even-N) iso-
topes with Z > 100. For clarity, open symbols are used for the Lr
isotopes, whereas closed symbols are used for the Db isotopes.

perimental «-decay half-lives compared to the results of our
calculations for odd-A SHN with odd-N, whereas Fig. 2 is
for the odd-A SHN with odd-Z. Figure 3 is the comparison
for the odd-odd SHN. One can see that the experimental «-
decay half-lives, which extend across roughly 12 orders of
magnitude, are well reproduced by the STM. In Fig. 4 we
have plotted the decimal logarithms of the ratios between the
experimental and the theoretical half-lives for all the odd-odd
SHN with and without reducing A. One can immediately see
the importance of taking into account the reduced A in order
to reproduce the «-decay half-lives of the odd-odd SHN.

In Table I, we also include the predictions of the two differ-
ent empirical-fitting approaches for comparison, namely, the
Viola-Seaborg formula [39,40] and the Royer formula [41].
For a quantitative comparison between the models, a common
approach is to calculate the average of the absolute values of

8
7
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0
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Mt .Nh
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245 250 255 260 265 270 275 280 285 290 295 300
Mass Number, A

FIG. 3. The same as Fig. 1 but for odd-Z, odd-N isotopes with
Z > 100.
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FIG. 4. Decimal logarithms of the ratios between the experimen-
tal and the theoretical half-lives for the odd-Z odd-N SHN with
Z > 100. The open circles are the values when the pairing gap
parameter is taken as A,_, = A._, = A = 12 A~!/2 MeV. The solid
circles are the results when the pairing gap parameter is reduced such
that A,—, = 0.8 X A._.. The dashed lines are simply to guide the eye
and show order-of-magnitude differences in the calculated half-lives.

the differences in the decimal logarithms given as

T €X]
1ogo( 2 P”‘)‘ (1)

iy
112, theo,k

k=1

For the different approaches used in this paper, we find
the values of § as presented in Table II for the subsets of
the SHN with even-Z-odd-N (e-o0), odd-Z-even-N (o-¢), and
odd-Z-odd-N (0-0), calculated using the superfluid tunneling
model, the Viola-Seaborg formula, and the Royer formula,
respectively. For completeness, we also give the values of §
as previously determined [37] for the subset of SHN with
even-Z-even-N (e-e). We conclude that the superfluid tun-
neling model is able to reproduce the experimental data on
the « decay of SHN to about the same level of accuracy as
contemporary empirical formulas.

TABLE II. Comparison between the averages of the absolute
values of the differences in the decimal logarithms § as defined by
Eq. (1) and calculated for the subsets of the SHN with even-Z-even-N
(e-e), even-Z-odd-N (e-0), odd-Z-even-N (o-¢), and odd-Z-odd-N
(0-0) for the STM, the Viola-Seaborg formula (VS), and the Royer
formula as described in the text.

Z—N STM VS Royer
e-e 0.22 0.26 0.19
e-0 0.35 0.62 0.38
o-e 0.45 0.45 0.47
0-0 0.38 0.54 0.46
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TABLEIIL. The predicted excitation energies of one-quasi-proton states in 2*Mc, 3’Nh, and 2*!Rg from calculations using a self-consistent
SEDF approach with the UNEDF1 parametrization [15] from a Nilsson-model approach [15,45,48], and from a Woods-Saxon model [49]. The

levels are labeled with asymptotic Nilsson quantum numbers.

SEDF-UNEDF1 Nilsson Woods-Saxon
Nucleus Orbital Energy (MeV) Orbital Energy (MeV) Orbital Energy (MeV)
BIMc [50317/2~ 0.00 [52111/2- 0.00 [54111/2- 0.00
[512]3/2- 0.02 [512]3/2- 0.15 [512]3/2- 0.06
[51011/2~ 0.09 [51011/2~ 0.38 [606]13/2F 0.16
[615]11/2F 0.27 [50317/2~ 0.66 [50317/2~ 0.29
[55011/2- 0.44 [606]13/2F 0.69 [51011/2- 0.36
25Nh [51011/2- 0.00 [606]13/2F 0.00 [512]3/2- 0.00
[512]13/2~ 0.04 [50317/2~ 0.05 [51011/2~ 0.15
[615]11/2F 0.09 [615]11/2F 0.23 [50317/2~ 0.15
[50519/2- 0.29 [512]3/2~ 0.35 [55011/2~ 0.15
[55011/2~ 0.41 [62419/2F 0.41 [615111/2F 0.45
BlRg [615]11/2F 0.00 [606]13/2F 0.00 [615]11/2F 0.00
[512]3/2~ 0.02 [50317/2~ 0.01 [52171/2- 0.08
[50519/2~ 0.09 [615]11/2F 0.16 [50519/2~ 0.16
[51011/2- 0.22 [512]3/2- 0.38 [512]3/2- 0.20
[521]1/2- 0.60 (5217172~ 0.39 [503]7/2- 0.39

III. ROLE OF QUASIPARTICLE STRUCTURE
IN « DECAY CHAINS

Having shown that the STM seems to contain all the nec-
essary physical ingredients to reproduce the major features
of the o decay of the SHN, we now apply the model to the
case of the a-decay chains of odd-A SHN. We will look at
representative cases for odd-Z and odd-N systems.

For an odd-Z case, we examine differences in prop-
erties of the a-decay chains arising from the predictions
of the one-quasi-proton structure for the decay chains of
29Mc (Z = 115, N = 174) as calculated using three differ-
ent models. The first is a locally optimized self-consistent
Skyrme energy density functional (SEDF) with the UNEDF1
parametrization as described in Ref. [15]. The second uses a
microscopic-macroscopic Nilsson-model approach described
in Refs. [15,45,48]. The third set of calculations uses a Woods-
Saxon potential [49].

For the odd-N case, we examine the decay chains of 23y
(Z =116, N = 177) as calculated by Cwiok et al. [50]. The
calculations use the Hartree-Fock-Bogoliubov (HFB) method
with the SLy4 Skyrme effective interaction. The HFB 4 SLy4
prescription is widely used for calculations of properties of the
SHN [51,52], and the calculations in Ref. [50] provide exten-
sive information on the lowest one-quasi-neutron excitation in
the relevant nuclei.

For the decay chains of **Mec, the predicted excitation
energies of low-lying one-quasi-proton states in 2%Mc, 2N,
and 'Rg from calculations using the SEDF-UNEDF1, the
Nilsson model, and the Woods-Saxon model are reproduced
in Table III. We use the asymptotic Nilsson quantum numbers
as a labeling notation. One sees that there are often several
negative-parity states arising from the N’ = 5 major shell lying
at relatively low energy. One can also see that another feature
of the models is that it often occurs that, at least, one high-Q2

positive-parity state from the N = 6 major shell can lie at
relatively low excitation energy. Such a state is likely to be
isomeric [45]. Since all these states will be populated in the
initial compound nucleus reaction forming 2*Mc, we might
reasonably expect o decays from, at least, one of the low-lying
negative-parity orbitals and from the high-Q positive-parity
state.

In order to study the influence of the one-quasi-proton
structure on the resulting o-decay fine structure, we use the
STM to calculate the strongest branches from the ground state
and possible excited isomeric states for each nucleus in the
decay chain. We use the prescription discussed above with
the pairing parameter taken with the reduced value of A, =
0.9 x A, and accounting for the angular momentum L of the
transition by assuming that it takes the lowest value given by
the selection rules |[; — Iy| < L < I; + Iy and r; = (—l)erf,
where I;(Iy) and 7; (7t ) correspond to the angular momentum
and parity of the initial (final) state involved in the decay,
respectively. If multiple states are populated, we assume a fast
electromagnetic decay to a lower-lying state if an E1, M1,
or E2 transition is allowed. Note, it is known that low-lying
rotational band members built on Nilsson states are populated
in o decay [53-56], but we are not taking this additional
complication explicitly into account. The energies of the o
decays use the Q,, values in Table I, assumed to correspond to
the ground-state-to-ground-state transition and account for the
excitation energy of the one-quasi-proton states in both parent
and daughter. The results of the calculations are presented in
Table IV.

One sees several interesting features. The decay step from
29Mc — 85Nh has several competing « transitions from
both the ground and the excited isomeric state as predicted
by SEDF-UNEDF]1 calculation. However, differences in Q,
values and angular momenta L for these transitions are such
that the partial decay constants, and, therefore, the predicted
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TABLE IV. Predictions for the dominant transitions (defined as the >10% branch from a given state) in the a-decay chains of **Mc —
5Nh — 2!'Rg using the SEDF-UNEDF]1 (upper part), Nilsson (middle part), or Woods-Saxon (lower part) calculations as discussed in the
text. Transitions are labeled using the initial (final) Nilsson orbit in the parent (daughter) nucleus. The fourth column gives the Q value for the
o decay, Q, (in MeV), used in the calculation (estimated from the empirical values in Table I and the excitation energies of states in Table III).
The fifth column gives the angular momentum change involved in the transition L. The sixth column gives the resulting partial decay constant

for the transition A (s™!), calculated using the STM.

SEDF-UNEDF1

Parent nucleus Initial orbital Final orbital 0, MeV) L A (s™h

BIMc [50317/2~ [510]1/2 10.49 4 6.14 x10~!
[50317/2~ [512]3/2~ 10.45 2 1.15 x10°
[50317/2~ [615111/2F 10.40 3 5.76 x 10~
[615]11/2F [51011/2- 10.76 5 1.74 x10°
[615]11/2F [512]3/2~ 10.72 5 1.36 x10°
[615]11/2F [615]11/2F 10.67 0 6.53 x10°
[615]11/2F [50519/2~ 10.47 1 1.68 x10°

25Nh [51011/2- [615]11/2F 10.01 5 6.43 x1072
[510]11/2 [512]3/2~ 9.99 2 2.61 x107!
[510]1/2- [50519/2~ 9.92 4 6.67 x1072
[510]1/2~ [510]1/2~ 9.79 0 1.00 x10~!
[615]111/2F [615111/2F 10.10 0 7.87 x10~!
[615]11/2F [50519/2~ 10.01 1 3.84 x10~!

Nilsson

BIMc [52111/2- [50317/2~ 10.43 4 422 x107!
[52111/2- [512]5/2- 10.13 2 1.47 x107!
[606]13/2F [606]13/2F 11.03 0 1.29 x10?

25Nh [50317/2~ [50317/2~ 10.05 0 5.67 x10~!
[606]13/2F [606]13/2* 10.01 0 437 x107!

Woods-Saxon

BIMc [541]1/2~ [512]3/2 10.49 2 1.48 x10°
[54171/2~ [510]1/2~ 10.34 0 8.41 x10~!
[54111/2~ [503]7/2~ 10.34 4 2.38 x10~!
[606]13/2F [512]3/2- 10.65 5 8.90 x10~!
[606]13/2F [50317/2~ 10.50 3 1.08 x10°
[606]13/2F [615]111/2F 10.20 2 233 x10~!

25Nh [512]3/2~ [521]1/2 9.93 2 1.75 x10~!
[512]3/2- [512]3/2- 9.81 0 1.15 x107!
[615111/2F [615111/2F 10.46 0 7.63 x10°

half-lives are rather similar. One would, therefore, observe
several o-decay lines of different energies, but it would be
difficult to distinguish the initial and final states involved. This
contrasts with the calculations accounting for the one-quasi-
proton structure predicted by the Nilsson model. In that case,
the decay step from 2*Mc — %Nh has fewer competing «
transitions, and the properties are rather different depending
on whether the initial state in 2%°Mc is either the [521]1 /2~
ground state or the [606]13/2% isomer. The [606]13/2% iso-
mer decays via a single transition with a half-life that will
be nearly three orders of magnitude faster than the transitions
from the [521]1/2~ ground state and with an energy more
than 0.5 MeV higher. A similar effect is seen in the second
decay step °Nh — 28'Rg predicted by the Woods-Saxon
calculations. The isomeric [615]11/27 state in **Nh decays
via a single transition with an energy 0.5 MeV higher and,
at least, an order of magnitude faster than decays from the
[512]3/2~ ground state.

The significant differences in properties of the « decay
discussed above reflect the differences in the one-quasi-proton
structure predicted by the different models. It is our hope
that it may eventually be possible to discriminate between the
different theoretical frameworks, even with the rather limited
experimental information available from «-decay chains of
the SHN.

For the odd-N case of 2’Lv, the predicted excita-
tion energies of one-quasi-neutron states in >*Lv, 2%°Fl,
B5Cn, B!Ds, and ?”’Hs from HFB-SLy4 calculations [50]
are reproduced in Table V. We find that the low-lying
(<1 MeV) one-quasi-neutron excitations in 2>Lyv involve sev-
eral positive-parity orbitals lying close to the Fermi surface,
including the [604]7/2%, [602]5/2", and [611]1/2" states
as the three lowest one-quasi-neutron excitations. Again,
one finds that a high-Q state of opposite (negative) parity,
namely, [707]15/27, also lies below 1 MeV, and it is likely to
be isomeric. This one-quasi-neutron structure will influence
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TABLE V. The predicted excitation energies of one-quasi-neutron states in 2Ly, Fl, 3Cn, ®'Ds, and ?"’Hs from HFB-SLy4

calculations [50] as discussed in the text.

Nucleus Orbital Energy (MeV) Nucleus Orbital Energy (MeV)
By [604]7/2F 0.00 Blpg [604]19/2F 0.00
[602]5/2+ 0.31 [606]11/2F 0.07
[611]1/2+ 0.52 [611]1/2+ 0.12
[707]15/2~ 0.93 [611]3/2+ 0.59
29F] [707115/2" 0.00 [613]5/2F 0.65
[611]1/2+ 0.52 [716]13/2- 0.94
[604]7/2F 0.79 THs [61171/2* 0.00
[602]5/2+ 1.17 [604]9/2+ 0.04
85Cn [61171/2+ 0.00 [613]5/2+ 0.31
[611]3/2 0.60 [716]13/2~ 0.36
[707]15/2~ 0.62 [611]3/2+ 0.38
[606]11/2F 0.65
[60419/2F 0.72

the observed o decays, and we again used the STM to calcu-
late the strongest branches from the ground state and possible
excited isomeric states for each nucleus in the decay chain
using the prescription discussed above. The results of the
calculations are presented in Table VI.

In the first step of the decay chain from **Lv — 2*°Fl,
there are two possible « decays to the [707]15/2~ ground
state of 2%°FI either from the 2>’Lv [604]7/2F ground state
or from the [707]15/2~ isomeric state (see Table VI). These
two possible transitions differ by nearly 1 MeV in energy and
involve substantially different changes in angular momentum
between initial and final states, resulting in the relative half-
lives differing by approximately three orders of magnitude.
For the second step in the decay chain from 2%Fl — 28°Cn,
there are also two possible transitions. Again, they differ
substantially in energy but because of angular momentum
hindrance of the higher-energy transition the two lifetimes are
rather similar resulting in two competing «-decay branches

from the same parent state. The characteristics of the third
and fourth steps in the a-decay chains depend on which state
is populated in the second step, but characteristics of these o
decays (see Table VI) can be rather different.

IV. CONCLUSIONS

There is a potential for significant ambiguity in assigning
o decays to a specific odd-A superheavy isotope. In partic-
ular, the presence of isomeric states can result in multiple-o
transitions with very different properties being involved in
the decay of the same isotope. We have seen this is true for
both the odd-Z and odd-N examples discussed above. The
interplay between a-decay energies and differences in angular
momentum can result in cases where transitions can have
different decay energies but similar lifetimes (**Mc as an
o0dd-Z example and >*’Fl as an odd-N example—see Tables IV
and VI). The reverse situation of very similar energies but

TABLE VI. Predictions for the dominant transitions in the a-decay chains of *’Lv — ?°FI — %°Cn — ®!'Ds — ?'"Hs using the HFB-
SLy4 calculations [50] as discussed in the text. Transitions are labeled using the initial (final) Nilsson orbits in the parent (daughter) nuclei.
The fourth column gives the Q value for the a-decay Q, (in MeV), used in the calculation (estimated from the empirical values in Table I
and the excitation energies of states in Table V). The fifth column gives the angular momentum change involved in the transition L. The sixth
column gives the resulting partial decay constant for the transition A (s~'), calculated using the STM.

HFB-SLy4
Parent nucleus Initial orbital Final orbital 0, (MeV) L AGh
2Ly [604]7/2+ [707]15/2 10.69 5 6.16x107!
[707115/2~ [707115/2~ 11.63 0 8.49 x 102
29R] [707]15/2 [611]1/2* 9.97 7 5.03 x1073
[707115/2 [707115/2~ 9.34 0 2.06 x1073
B5Cn [611]1/2* [60419/2+ 9.33 4 2.55 x1073
[61111/2* [61111/2* 9.21 0 3.90 x1073
[707115/2~ [604]19/2F 9.96 3 3.38 x10!
[707]15/2~ [606]11/2F 9.89 3 2.13 x10™!
BIpg [604]19/2* [60419/2F 8.81 0 9.45 x10™*
[61111/2* [61111/2F 8.97 0 3.23 x1073

034321-8



ROLE OF QUASIPARTICLE STRUCTURE IN « DECAY ...

PHYSICAL REVIEW C 107, 034321 (2023)

3
[¢] 1=0
2 o
= (o]
- -’
W ! o o L=7
< le) a
o o
o o
z 2 °
u}
] o
o 3 o
s ° o
t 4
(©
& o
5 s :
o
6 - . - \
8 9 10 11 12
Q, (MeV)

FIG. 5. Plot of the decimal logarithm of the partial decay con-
stant A = (In 2/7;),) in s~! as a function of the Q, value in MeV,
calculated for a nominal a-decay transition from a *Fl parent nu-
cleus and assuming a difference in angular between the parent and
the daughter states of either L = 0 (open circles) or L =7 (open
squares).

very different lifetimes could also occur. To see these effects
more clearly, in Fig. 5, we plot the decimal logarithm of the
partial decay constant, A (s™1), as a function of the Q, value
in MeV, calculated for nominal «-decay transitions from a
29F] parent nucleus and assuming a difference in angular
momentum between the parent and the daughter states of
either L = 0 or L = 7. At a fixed value of Q,, the difference
in angular momentum AL = 7 results in the predicted partial
decay constant (and, consequently, the extracted lifetime of
the transition) differing by over a factor of 30. For a given
lifetime, a change in transition energy of about 500 keV will
compensate the large difference in angular momentum.

Another ambiguity arises when studying the « decay of
the nucleus when it is initially created either as the parent
isotope of interest in a compound nucleus reaction or as the
daughter in an «-decay sequence. This can be illustrated by
considering the case of >*’Fl. From Table VI, we see that in
the decay from 2**Lv, the [707]15/2~ ground state of 23°FI
is populated preferentially. In turn, this state shows a fine
structure in its decay to states of the daughter, *>Cn. However,
if the 2%°F1 were created as a compound nucleus reaction
product, one would expect both the ground state and, at least,
one of the positive-parity states to be populated (and to be an
isomeric excited state—see Table V). Therefore, we may have
additional « transitions from the excited state in 23°FI adding
more complexity to the decay scenarios and not necessarily
allowing a simple interpretation of the o decays of the same
nucleus when created by different processes.

V. SUMMARY

In this article, we have applied the superfluid tunneling
model to compare against the experimental data on known
a decays of odd-A and odd-odd SHN with Z > 100 and

A > 250. We have found a remarkable quantitative agree-
ment between the data and the results of our calculations.
The agreement is at a level that is comparable to empirical
parametrizations exemplified by comparison with the Viola-
Seaborg formula and the Royer formula.

We have used the STM to examine the influence of quasi-
particle structure on the properties of the chains of « decays
arising from the decay of odd-A SHN. There are many
other sets of calculations of the one-quasi-particle structure
of odd-A superheavy nuclei using various phenomenolog-
ical and self-consistent mean-field models, and our paper
is not meant to be an exhaustive comparison. There have
even been previous qualitative efforts to understand the ef-
fect of the quasiparticle structure on the o decay [57,58].
Using a model, such as the STM, helps identify features in
the a-decay fine structure, which might be used to discrim-
inate between theoretical descriptions. Using representative
calculations, available in the literature [15,45,48-50], of the
one-quasi-particle structure of nuclei in the decay chains of
B9Mc (Z = 115, N = 174) and **Lv (Z = 116, N = 177),
we illustrate the important role played by opposite-parity
high-€2 orbitals in defining the observed characteristics of the
a-decay chains. We point out sources of possible ambiguities
that may arise due to the quasiparticle structure when assign-
ing a-decay chains to specific SHN.

Given the potential for the quasiparticle structure to influ-
ence the characteristics of the « decay, it is quite remarkable
that the agreement among the experimental data, the STM,
and the empirical formulas is as good as it appears. This seems
to be in large part due to the fact that most of the experimental
data to date are thought to involve « transitions between
states with the same (or similar) spins and parities. It will be
interesting to see if the role of the quasiparticle structure, and
particularly the influence of the high-<2 orbitals, is identified
as more data becomes available. There does appear to be
some evidence of this in the most recent experiments on the
fine structure seen in the 2°Fl decay chains [16,17]. Also, it
will be important to account for possible decay chains with
different characteristics arising from the same isotope [59]
and to experimentally determine the Z [13,14] and A [60]
of the SHN. We hope that investigations such as ours will
contribute to the interpretation of such future experiments.
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APPENDIX: SUPERFLUID TUNNELING MODEL

The Schrodinger equation for the model can be written as

R 92
( +V(€)>¢(S) =Ey(§). (A1)

2D 982
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& is a generalized deformation variable describing the path
of the system in the multidimensional space of deformations.
In the case of only quadrupole deformation, this would mean
that £ is proportional to the axial deformation parameter S,.
The parent nucleus evolves from a configuration with a small
deformation & ~ 0 to the touching configuration of daughter-
plus-« particle at £ = 1.

Equation (A1) can be discretized on a mesh of # steps such
that A§ = 1/n. One can then derive the expression for the
inertial mass parameter as

2
D = —h—nz.

2v (A2)

v is the transition matrix element between two successive
steps. For o decay, n = 4 is assumed [35,38]. The transition
matrix element is governed by a pairing operator and is esti-
mated using the Bardeen-Cooper-Schrieffer model such that

AL+ A
v=—|—7
4G
G =25/A MeV is the standard pairing strength and A, =
A, = A = 12A7"2 MeV are the pair gap parameters.

The decay constant A can be calculated in terms of the
a-particle formation probability P, the assault frequency of
the particle against the barrier (also known as the knocking
frequency) f and the transmission coefficient of the « particle
through the barrier 7}, such that

(A3)

A =PfT;. (A4)

To calculate P, we use the wave function of the ground
state of a harmonic-oscillator V(§) = %C& 2 such that P =

l¥(§ = DI? with

o=

() = (—“ e i (AS)

T '

where
C
2

= . A6
Ty 2" (A0)
The potential-energy parameter, C=2V(§ =1) =

2(Uy + Uc — Q) with Uy and U¢ being the nuclear potential
(for which we used the Christensen-Winther potential [61])
and the Coulomb potential, respectively. The details of the
potential parameters used can be found in Ref. [36]. The
assault frequency can then be calculated via the formula
f = /2w, where w = /C/D.

Finally, the transmission coefficient 7; for the o parti-
cle to tunnel through the Coulomb barrier starting from the
daughter-o touching configuration is given by

_ P
L — )
F2(n, p)+ Gi(n, p)

where p = Rok with k = /21O, /R (u is the reduced mass)
and Ry = 1.2(A))> + AY/%) +0.63 fm, and n = 1/ka where
a=nr /(e2uZpZy). Here, F; and G, are the regular and ir-
regular Coulomb functions [62], which take into account the
additional centrifugal barrier when the orbital angular mo-
mentum L of the emitted « particle is nonzero.
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