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Abstract: The multi-particle states and rotational properties of the two-particle bands in 2*No are investigated by the

cranked shell model with pairing correlations treated by the particle number conserving method. The rotational bands

on top of the two-particle K* = 3*, 8~ and 10* states and the pairing reduction are studied theoretically in 2*No for

the first time. The experimental excitation energies and moments of inertia of the multi-particle states are reproduced

well by the calculations. Better agreement with the data is achieved by including the high-order deformation &g,

which leads to enlarged Z = 100 and N = 152 deformed shell gaps. An increase of J) in these two-particle bands

compared with the ground state band is attributed to the pairing reduction due to the Pauli blocking effect.

Keywords: rotational band, spin assignment, band-crossing, high-; orbital, transfermium nuclei, nuclear deformation

DOI: 10.1088/1674-1137/44/3/034106

1 Introduction

In recent years, many decay and in-beam spectroscop-
ic studies have been performed on the light superheavy
nuclei around the mass region Z =100, A =250. Valu-
able experimental data are available concerning the de-
tailed structure and can be used to constrain various nuc-
lear theories (see Refs. [1— 3] and references therein).
234No is the pioneer nucleus for an experimental spectro-
scopy study in this mass region due to its relatively high
production rate. Pioneering research included both the ex-
tension of the ground state bands (GSB) to the high angu-
lar momentum [4—6], and the observation of the high-K
multi-particle states [7—12].

In 1973, a (0.28+0.04) s isomer of >*No was repor-
ted, which was suspected to be the K™ =8~ state arising
from either a two-proton 71 [514]®@n3 [624] or two-
neutron v3 [734]®v%+[613] configuration [7]. More than
thirty years later, the 8~ isomer was identified with the
excitation energy of 1.293 - 1.297 MeV in several experi-
ments [9-12]. The configuration of this state is still an
open issue. A two-neutron state is favored in Ref. [12],
while a two-proton state with a configuration n%_[514]®
n%+[624] is favored in the other works [9—11]. Rotational
structure on top of the 8~ isomer was reported independ-
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ently by two contemporary studies, where different de-
tailed level schemes were proposed [11, 12]. HelBberger
et al. suggested that all seven observed transitions consti-
tute a single A7 =1 rotational sequence based on the
K™ =8 state [11], while Clark et al. placed only the first
two members in the K* =8 band and the rest of the
transitions in a new band which was assigned as the
K™ =10* band.

The second isomer discovered in *No is a four-
particle state with the energy E > 2.5 MeV and half-life of
171-198 ps [9—12]. Its configuration is not yet determ-
ined. K™ =16% was assumed in Refs. [10— 12], while
K™ = 14* was tentatively suggested by Tandel et al. [9].
Note that this is one of only two four-particle isomers re-
ported experimentally in this region. The other one is the
recently observed 247(73) us K™ =16* isomer in PRE
[13].

The two-particle K™ = 3" state is assigned unambigu-
ously as the two-proton state with the configuration
n3 [514]@n3 [521] [9-12]. The 3* state is of particular
interest since the proton orbital n'%_[521] stems from the
spherical 2fs,, orbital. The spin-orbit interaction strength
of the 2f5,» — 2 f7» partners governs the size of the Z = 114
spherical shell gap, which is predicted as the possible
next magic proton number beyond lead. The properties of
single-particle orbitals 72 [514] and ﬂ%_[521] affect
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strongly the properties of the neighboring odd-Z nuclei
[14-17].

These observed high-K multi-particle states in >>*No
can provide valuable information about the single-particle
structure, deformation, pairing correlations, K conserva-
tion, etc. [18]. The rotational bands built upon these
multi-particle states provide insight into the angular mo-
mentum alignment, high-j intruder orbital, pairing reduc-
tion, etc. In addition, the knowledge of the transfermium
nuclei provides indirect information about the single-
particle structure of the superheavy nuclei, which is cru-
cial for the synthesis of the superheavy elements.

A comparison of the experimental kinematic moment
of inertia (Mol) JV of the two-particle high-K bands with
GSB of 2*No is displayed in Fig. 1. Compared to GSB, a
20%~25% increase of J) is seen for the high-K bands in
the low frequency region. As the rotational frequency in-
creases, GSB increases smoothly, while the high-K bands
are almost constant (8~ and 10" bands) or decrease (3*
band). This behavior can be explained by the pairing cor-
relations, angular momentum alignment and Pauli block-
ing effect.

In terms of theoretical investigations, most spectro-
scopic studies of **No focused on the properties of the
yrast band [16, 20-36]. The strength of the pairing correl-
ations in the A =250 region and its influence on Mol of
GSB were compared with the lighter nuclear system in
Refs. [32, 35]. As for the observed high-K multi-particle
states, few theoretical studies have been carried out. Liu
et al. calculated the observed high-K isomers in 2*No
with special attention on the influence of the high-order
deformation &¢ on the excitation energies and the nuclear
potential energy [37]. Jolos et al. studied the low-lying
and collective states in Z ~ 100 nuclei with particular dis-
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Fig. 1. (color online) Experimental kinematic moment of in-

ertia J( for the ground state and two-particle state bands
K™ =3%,87, 10" in 2*No. The experimental data are from
Refs. [8, 10-12, 19]. The last five transitions in the K™ = 8~
band in Ref. [11], which are placed in the K™ = 10* band in
Ref. [12], are denoted by open down-triangles.

cussion of the effects of octupole and hexadecupole resid-

ual forces [38]. To our best knowledge, there is still no

detailed theoretical investigation of the two-particle
=3*, 8 and 10* bands in 2>*No.

In the present work, the multi-particle states in 2*No
and the rotational bands on top of them are investigated
by the cranked shell model (CSM) with the pairing cor-
relations treated by the particle-number conserving
(PNC) method. To our knowledge, this is the first time
that detailed theoretical calculations are performed of the
observed rotational bands beyond the yrast band in **No.
The pairing correlations and blocking effect are very im-
portant for describing multi-particle states. In the PNC-
CSM method, the cranked shell model Hamiltonian with
monopole and quadrupole pairing correlations is solved
directly in the truncated Fock space. Hence, the particle
number is conserved and the Pauli blocking effect is
taken into account exactly.

2 Theoretical framework

The CSM Hamiltonian in the rotating frame is
Hcsm = Hsp — wJ + Hp(0) + Hp(2). (D

Hsp = Y«(hni)e 1s the single-particle part, where /) is
the Nilsson Hamiltonian, ¢ () is the eigenstate of the
Hamiltonian hgq), and € (77) is the time-reversed state.
—wJ, 1s the Coriolis interaction with the rotational fre-
quency @ about the x axis (perpendicular to the nuclear
symmetry z axis). The cranked Nilsson levels ¢, and
cranked state |u) are obtained by diagonalizing the
cranked single-particle Hamiltonian /g(w) = he — w .

The pairing includes monopole and quadrupole pair-
ing correlations

HP(O) = —GO Z a;agaﬁan 5 (2)
én
Hp(2) = =G2 )\ @ qp(majalagay . 3)
& )

where a;ag (apay) is the pair creation (annihilation) oper-
ator. qz(f) = V16m/5(£|r* Yaolé) is the diagonal element of
the stretched quadrupole operator.

In the rotating frame, the time reversal symmetry is
broken, while the symmetry with respect to the rotation
by 7z around the x axis, R (7) = ", is retained. The sig-
nature « = +1/2, eigenvalues of R,(r), remains a good
quantum number. By transforming the Hamiltonian into
the cranked basis, we have

Hesm = nyb b,—Go Z fﬂﬂ,fy,ybz+bz,_b _b,,_

Hprvve

—G2 Z i &b Dy by-byrs (4)
Hurvve
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where b}; is the real particle creation operator in the
cranked state |u). To investigate the pairing reduction due
to rotation and blocking, the PNC method (see Refs.
[39—43] for details) is employed to deal with the pairing
correlations. The CSM Hamiltonian Eq. (4) is diagonal-
ized in the truncated Cranked Many-Particle Configura-
tion (CMPC) space [40]. The effective pairing strengths
Gy and G, are connected with the dimension of the trun-
cated CMPC space. In the following calculations, the
CMPC space for »*No is constructed in the proton
N =4, 5, 6 and neutron N = 6, 7 shells. The dimension of
the CMPC space is about 1000, and the corresponding ef-
fective monopole and quadrupole pairing strengths are
Gy =0.25 MeV and G, =0.02 MeV for both protons and
neutrons. The effective pairing strength is usually determ-
ined by the odd-even differences in binding energies.
However, in the transfermium mass region, due to the
lack of experimental data, the effective pairing strength is
determined by the odd-even differences in Mol. Since the
total Hamiltonian is diagonalized directly in the trun-
cated Fock space, a sufficiently accurate solution can be
obtained in a comparatively small diagonalization space
for the yrast and low-lying excited states. In this way, like
in the standard shell model approach, the particle number
is conserved and the Pauli blocking effect is taken into
account exactly.

The eigenstate of Hesy 1S |y) = 3; Cili) with CMPC [i)
defined by the occupation of real particles on the cranked
single-particle orbitals. A converged solution |) can al-
ways be obtained even for a pair-broken state, while the
conventional cranked Hartree-Fock-Bogoliubov model
does not converge in many cases [44, 45]. This makes it
very convenient to treat the multi-particle states in a nuc-
leus. The PNC-CSM method provides a reliable way to
assign the configuration for a multi-particle state. Once
the wave function ) is obtained, the configurations of all
low-lying excited multi-particle states can be obtained us-
ing the occupation probability of a specific |i), with the
unpaired particle blocked in the single-particle orbitals
near the Fermi surface [43].

3 Results and discussion
3.1 Nilsson single-particle levels

The Nilsson parameters (x,u), which were optimized
to reproduce the experimental level schemes for light su-
perheavy nuclei in the A =250 mass region in Refs. [26,
46], are used in this work. The values of proton «s, us and
neutron kg, pg are modified slightly to reproduce the cor-
rect single-particle level sequence when & is included.
The deformation parameters &, = 0.26, &4 = 0.02 are taken
from Ref. [26], and ¢ = 0.042 is taken from Ref. [47].

The Nilsson single-particle levels with and without
high-order deformation &¢ are compared at the rotational

frequency fiw = 0 in Fig. 2. It can be seen that the calcula-
tions including the ¢ deformation lead to enlarged pro-
ton Z =100 and neutron N =152 deformed shell gaps,
which is consistent with the predictions using the Woods-
Saxon potential by Liu et al. [37] and Patyk et al. [48].
Note that the existence of these two deformed shell gaps
has been confirmed in the experiment [49]. In addition,
compared with the results without the &5 deformation, the
proton deformed shell gap for Z =106 is larger and the
one for Z = 108 smaller, while the neutron shell gaps for
N = 148,160 appear and the one for N = 150 disappears.
The changes of the deformed single-particle level struc-
ture further influence the excitation energy and Mol of
the multi-particle states. We note that the influence of the
high-order deformation is still intricate, especially in the
region of heavy and superheavy nuclei where the single-
particle level density is high and the knowledge of the
single-particle level structure is limited. Moreover, the
value of &¢ is strongly model dependent. Therefore, a
more comprehensive investigation of the effect of ¢ de-
formation on the single-particle levels is needed for
heavy and superheavy nuclei.

3.2 Multi-particle states

The multi-particle states predicted by various models
are compared with the experimental data in Fig. 3. The
predictions of PNC-CSM are listed in Table 1. Our mod-
el in its present version does not include the residual spin-
spin interaction. In Table 1, both values of K™ = |Q; + Q,|"
are shown for the two-particle states, with the value
favored by the Gallagher-Moszkowski (GM) rules [53]
underlined. According to the GM rules, the spin-singlet
coupling is energetically favored for the pair-broken
states in an even-even nucleus.

The two-particle state at 0.988 MeV is firmly as-
signed as the two-proton 3* state with the configuration
n% [5211®n] [514] [9-12]. Thus, this assignment can be
used to constrain the parametrizations of theoretical mod-
els. As shown in Fig. 3, the 3* state is predicted as the
lowest two-particle state in the present PNC-CSM calcu-
lations, the configuration constrained calculations of po-
tential-energy surfaces (PES) [37], the Woods-Saxon po-
tential plus the Lipkin-Nogami formalism for pairing [9]
and the Skyrme Hartree-Fock Bogolyubov (SHFB) mod-
el with the SLy4 force [9].

In Table 1, the effect of high-order deformation & on
the excitation energies of multi-particle states is demon-
strated. The calculations without g¢ lead to the result that
the 8 (727[624]®n% [514]) instead of the 3*
(n%_[521]®7r%_[514]) state, is the lowest two-particle
state, which disagrees with the experimental data. When
g6 = 0.042 is considered, the 3* state becomes the lowest
lying two-particle state, and the calculated energy repro-
duces the experimental data very well. This is because
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Fig. 2.
&6 = 0.042 (right column).
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Fig. 3. Comparison between the excitation energies of the

experimentally deduced and calculated multi-particle states
in »*No. The experimental data are taken from Refs. [10,
12]. The calculations are from a) PNC-CSM method in this
work; b) configuration constrained potential energy sur-
faces method [37]; ¢) projected shell model [10]; d) config-
uration constrained potential energy surfaces method [50];
e) quasiparticle phonon nuclear model [51]; f) the Woods-
Saxon potential plus the Lipkin-Nogami formalism for pair-
ing [9]; g) semi-microscopic approach [52]; h) the Skyrme
Hartree-Fock Bogolyubov model with the SLy4 force [9].
This plot extends a similar figure shown in Refs. [10, 12].
The 8- state with the two-proton configuration
n%_[514]®n%+[624] is indicated by dotted lines. The 8]
stands for the two-neutron state with the configuration
v [7341@v17[613], and 8; for v3 [734]@v] [624]. The 167
stands for the four-particle state with the configuration
vy [73410v17[613]@n] [514]@n3 T [624], and 16 for
vy [73410v] [624] @7 ] [5141@75 T [624].

once g¢ is included, the proton orbitals n%_[514] and
71{[521] get closer, and the positions of ﬂ%_[SZl] and

6.9

6.8

6.7

6.6

6.5

6.4

70 L Neutron 179
[ . 3/2[752) |
78 I- i 9/2[615] 7 7-8
i p 1/2[761]

. 11/2[725] 1
7.7 - 77
. e 7/2[613] 4
— e 3/2622]

76 | T S~/ 1/2[620]4 7.6
75 S 9/2[734] 71 70
| T 712i624) |
74 |- s 1/2[631]1 { 7.4

6,=0  £,=0.042

Nilsson levels near the Fermi surface of 2*No. The deformation parameters are s, = 0.26, g4 = 0.02, &6 = 0.0 (left column) and

n%+[624] orbitals are reversed (see Fig. 2). Apart from the
3* state, the theoretical results with &g in general repro-
duce the experimental data better also for the other multi-
particle states. Thus, the inclusion of &¢ leads to a more
reasonable single-particle level structure in this mass re-
gion.

The K™ = 8~ isomer is observed systematically in this
mass region. Unlike the 8~ isomer in N = 150 isotones, its
configuration is accepted to be a two-neutron state with
the configuration vg_[734]®v%+[624] in »>No [54],
**Fm [49] and 2*Pu [55]. However, the configuration of
the 8~ isomer at 1.297 MeV in »*No is still being dis-
cussed. A two-neutron configuration is favored by the re-
cent experiment study [12], whereas a two-proton config-
uration ﬂ%_[514] ®7T%+[624] is suggested in the earlier ex-
perimental works [9—11].

Theoretically, the Skyrme Hartree-Fock Bogoliubov
model with the SLy4 force gives only one low-lying 8~
state with the two-proton configuration, and it is too high
in energy. All calculations using the macroscopic-micro-
scopic (MM) method predict at least two low-lying 8~
states with similar excitation energies, one is a two-pro-
ton state and the other a two-neutron state. The projected
shell model [10, 56] and the quasiparticle phonon nucle-
ar model [51] favor the two-neutron configuration of the
lowest-lying 8~ state. In contrast, the other MM methods,
including the present PNC-CSM, the Woods-Saxon plus
the Lipkin-Nogami treatment for pairing [9], the config-
uration constrained PES [37] and the semi-microscopic
approach [52], favor the two-proton configuration. The
configuration constrained PES leads to the lowest two-
neutron 8~ state in the earlier work [50]. However, when
the high-order g¢ deformation is included, the proton con-
figuration instead of the neutron configuration is as-
signed as the lowest lying 8~ state [37]. In the present
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Table 1. Low-lying multi-particle states in **No predicted by the PNC-CSM method.
K~ configuration Ex/MeV(eg # 0) E(/MeV(gs =0) EZ®/MeV
3*,4¢ I [514enl[521] 1.154 1.508 0.988
8, 1- 17 [514]@n3 [624] 1.272 1.431 1.297
3,47 73 16241 @1} [521] 1.324 1.749
6+, 1% n3 [514]@n3 [512] 1.794 1.807
3+t 73 [512]@n37[521] 1.902 2.235
77,27 73" 624107} [512] 2.007 2.142
47,3 n1'16331@n} [521] 2200 2.145
77,07 n171633]1@x] [514] 2.229
2+, 1% 73 [521]@n3 [521] 2.279
47,5 vy 73410 v} [620] 1.686 1.678
67.3" vy [7341@v3 T [622] 1.718 1.675
4,3+ v2 “[6241® v} T [620] 1.757 2.142
5*,2° 162410 v3 7 [622] 1.793 2.145
87,1° v2 “[7341@v3 T [613] 1.944 1.848
7,0* 1" 62410v17[613] 2.025 2303
24, 1% 1" 16201@v3 "[622] 2.277
81" vy [7341@v] T [624] 2.301 2.286
24,3+ v2 “16201@v3 [622] 2421 2517
1+,0* 6201074 16311 2.448
3,4t 11620101 [613] 2.470
4%,1" 3162210 v3 7 [622] 2.499
10%,1* v [7341@viLT[725] 2.526 2454 2.013
14+ vy [7341@v3 [622107) 5141073 [624] 2.991 2.928
16* v 15231@v] [613]@n] [5141@7) " [624] 3215 2.928
16* vy [7341@v] (6240 7] (5141073 T [624] 3.572

" The k7 values favored by the GM rules [53] are underlined for two-particle states.

PNC-CSM calculations, three low-lying 8~ states are pre-
dicted. The lowest 8~ state is the two-proton state with
the configuration n%+[624] ®7r%7[514] at the energy 1.272
MeV (g6 = 0.042), which reproduces the experimental res-
ult of 1.297 MeV very well. The predicted low-lying two-
neutron 8~ states are vg_[734] ®v;+[613] (denoted as 87),

and v3 [734]®v3 " [624] (denoted as 8;). The latter is too
high in energy to be the observed isomer. Since 87 is not
the energetically favored state of the GM doublet, the ex-
citation energy would be even higher when the residual
spin-spin interaction is taken into account. However, the
8] state can not be completely excluded from a study of
the rotational behavior, which will be discussed in the
next section.

A four-particle isomer formed by the coupling of two-
proton and two-neutron states was observed in 2**No.
Two possible spin-parity assignments, i.e. K* =16% and
K™ = 147, were suggested in Refs. [10—12] and Ref. [9],

respectively. The present PNC-CSM calculations predict
one [4* state and two 16* states. As shown in Fig 3,

= 14+ state with the configuration vz "[734] ®v [622]®
712 [514]®7rg+[624] reproduces the exper1mental data
very well. The lower K™ = 16] state with the configura-
tion vy [7341®@vZ [613]®7] [S14]®@n37[624] is higher
than the experimental data by about 0.287 MeV. The de-
viation is acceptable, and this configuration is favored by
the recent experimental work [12] and the Wood-Saxon
potential calculations [37]. Therefore, neither the
K™ =16 state nor the K™ = 14+ state can be ruled out by
the present calculations. The excitation energy of the
second K™ =16] state with the configuration v%_[734]®
v%+[624]®7r%_[514]®7r%+[624] is much higher than the
experimental data, and is too high to be the observed as a
four-particle isomer.

It can be seen in Table 1 that all four-particle states
are built by coupling different two-neutron states with the
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same two-proton state 7 [514] ®7r%+[624]. Therefore, the
main uncertainty is brought by the two-neutron states.
The neutron single-particle level density is very high and
its structure is complicated in the heavy and superheavy
mass region. Different potentials result in quite different
single-particle level structure, which is very sensitive to
the adopted parameters. Therefore, a further investiga-
tion of the single-particle level structure, especially for
neutrons, is needed for this mass region.

A K™ =10" state was reported in the recent experi-
ment [12]. As shown in Fig. 3, the 10* state is predicted
by the PNC-CSM method, the configuration constrained
PES [37] and the semi-microscopic approach [52]. The
two latter calculations are based on the Woods-Saxon
single-particle levels and show a deformed shell gap at
N =162 and the neutron orbital v1l"[725] located below
this gap [52, 57]. In contrast, PNC-CSM is based on the
Nilsson single-particle levels. It differs from the Woods-
Saxon potential, and as shown in Fig. 2, a deformed shell
gap appears at N = 158, and the v%_[725] level is located
just above this gap. Moreover, including g makes the
N = 158 deformed shell gaps even larger, which results in
the increase of the excitation energies of the K” = 8~ and
K™ =10" states. Based on such a single-particle level
structure, the excitation energy of the K™ = 10* state giv-
en by the Nilsson potential in the present calculations is
0.513 MeV higher than the experimental data, whereas
the results with the Woods-Saxon potential are 0.534 and
0.413 MeV lower than the experimental data in Ref. [37]
and Ref. [52], respectively. It should be noted that the
K™ = 10" coupling is not the energetically favored state of
the GM doublet. When the residual spin-spin interaction
is taken into account, the excitation energy would be even
higher.

3.3 Moments of inertia

The kinematic Mol of the state |y) is given by
JO = | J, ¥y Jw, where the angular momentum align-
ment is (Y| J. ) = 3; Cil> (il T, i) +2 X1 ; CC (il J | ). The
calculated JV versus the rotational frequency, based on
the ground state and two-particle K* =3*, 8 and 10*
states in 2**No, are compared with the experimental data
in Fig. 4. In general, the experimental data are repro-
duced quite well.

The 3* state is of particular interest since the 77{[521]
orbital originates from the spherical 2fs;, orbital. The
spin-orbit interaction strength of the 2f5,, —2f;,, partners
determines whether Z = 114 is a magic number in the "is-
land of stability" for shell stabilized superheavy nuclei.
Rotational bands based on the ﬂ%_[SZl] orbital were ob-
served in odd-proton nuclei »'Md [14] and 2551 [15].
Studies of these rotational bands found a signature of
splitting [16, 17]. The result for the 3* band in »*No is

similar. While the bandhead energy of the 72'%_[5 14]
(@ =+1/2)®n3 [521](@ =—-1/2) band is lower only by
about 0.6 keV than the n1 [514](e =-1/2)®ni [521]
(a = +1/2) band, the rotational behavior is quite different.
As shown in Fig. 4(c), only the former can reproduce the
experimental data well.

For the 8~ band, as shown in Fig. 4(b), the calculated
JD of the v [734] ®v%+[624] band can not reproduce the
trend of the experimental data. In Ref. [12], there are only
two excited members in the K™ = 8~ band, denoted by sol-
id circles in Fig. 4(b). In this case, the experimentally de-
duced JO is located in between the theoretical two-neut-
ron v%7[734]®v%+[613] and two-proton x3 [514]®
7r§+[624] bands. In Ref. [11], the K™ =8~ band is exten-
ded to spin I = 15h. The data corresponding to the pos-
sible K™ =8~ band extension [open circles in Fig. 4(b)]
are placed in the K™ = 10" band in Ref. [12] [open circles
in Fig. 4(d)]. If the possible K™ =8~ band extension is
considered, the calculated two-neutron vg_[734]®
v%+[613] band agrees better with the experimental data.
Nevertheless, although the calculated J® of the
n%_[514]®7r%+[624] band is a bit lower than the experi-
mental data, it is still good enough. The lower values may
come from the influence of the effective pairing
strengths. When considered together with the result for
the excitation energies, neither the proton configuration
71 [5141@737[624] nor the neutron configuration
v%_[734]®v%+[613] can be ruled out. Further investiga-
tions are needed on both the experimental and theoretical
sides.

The excitation energy of the K™ = 10" band is compar-
atively high, and the configuration mixing is significant.
The occupation of the v3 ™ [734]® v "[725] configuration
is less pure. A comparatively large probability amplitude
of other components in the wave function influences
strongly the behavior of the K = 10* band. The hump in
J at hw ~ 0.2 MeV is attributed to the contribution of
the v3 [734]®v3 [761] configuration.

As shown in Fig. 1, compared with GSB, J" of the
rotational bands based on the three two-particle states
(K™ =3*, 87, 10%) are larger by about 25% in the low fre-
quency region. A similar increase is seen in two-particle
bands in the A = 180 region and has been attributed to the
pairing reduction [58]. To determine if the JV increase
comes from the pairing reduction in the high-K bands in
234No, JV was calculated without pairing. We note that to
make a suitable comparison with the results including
pairing, the results without pairing shown in Fig. 4 (dot-
ted lines) are shifted down by 40 A’MeV~!. The results
without pairing show that the three two-particle bands
have similar JV values as GSB, and are almost constant
versus the frequency 7w. Thus, we conclude that the in-
crease of J in the high-K bands compared with GSB at
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Fig. 4.  (color online) Kinematic moment of inertia JO

versus the rotational frequency for the ground state and
two-particle (K™ =3*, 8~ and 10*) bands in 254No. The ex-
perimental data [8, 10—12, 19] are denoted by symbols, and
the theoretical results with/without pairing by solid/dotted
lines. The last five transitions in the K*=8" band [11],
which are placed in the K* = 10* band [12], are denoted by
open circles. The theoretical results without pairing, shown
by dotted lines, are shifted down by 40 #*MeV~! in order to
make a comparison with the results with pairing.

low frequency, and the gradual increase of J versus fre-
quency, can be mainly attributed to the pairing reduction.

3.4 Pairing correlations

The nuclear pairing gap [59, 60] in the PNC-CSM
formalism is defined as

_ 1 1/2
A=G4—5#MHMW} . (5)

For the quasi-particle vacuum band, A is reduced to the
usual definition of the nuclear pairing gap A when the
Hamiltonian includes only the monopole pairing correla-
tion [60]. Figure 5 shows the calculated neutron and pro-
ton pairing gaps A versus the rotational frequency for
GSB and the two-particle K™ =3*,8" and 10* bands in
24No. The effective pairing strengths in the calculations
are the same for neutrons and protons, and the difference
in the pairing gaps is purely from the wave functions. In
general, as shown in Fig. 5, the pairing gaps of neutrons
are larger than of protons. The pairing gaps decrease with
increasing frequency. The reduction in pairing with fre-
quency is due to the rotation and the gradual alignment of
the paired nucleons. The pairing gaps of GSB are larger
than of the two-particle bands. The reduction in pairing
for the high-K bands is due to the Pauli blocking of the
orbitals near the Fermi surface.

215 ——————1——1——7—— 2.15
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—~~
> 200
) C
\E./ 1.95
] I -] s .
1.90 | A, (7°37) ‘=-.,_ ~. q1.90
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o (MeV)
Fig. 5. (color online) Calculated pairing gap A for the ground

state and two-particle bands in 2*No. The configurations of
two-particle bands are 728~{3 " [624]® } T [514]), 723+{1 [521]®
17[5141),v287 (3 [7341@ 1 T [613]) andv?10%{3 " [734]04 "[725]).

To examine quantitatively the dependence of the pair-
ing gap on the rotational frequency w and seniority v
(number of the unpaired particles), the relative pairing
gap reduction factors are defined as

A(w) = A (w=0)

R:(w) = =
Ar(w=0)
_ A‘r(V) - AT(V =0) _
R.(v) _—AT(V —o) T=porn. (6)

In the following, the seniority dependence of the pairing
gap R:(v) is calculated at the bandhead fiw =0, and
A:(v =0) is adopted as A of GSB:

GSB: R,(hw=0.3MeV) ~ 18.1%,
3% Ry(hw =0.3MeV) = 5.7%, R,(v=2)=~4.5%,
78 : Ry(hw=0.3MeV) x54%, R,(v=2)=~4.4%,
GSB : R,(hw = 0.3 MeV) ~ 22.3%,

V287 Ry(hw =03 MeV) ~ 8.0%, R,(v=2)~4.2%,
V210" 1 Ry(hw = 0.3 MeV) ~ 8.0%, R,(v =2)~ 4.8%.

The different behavior of the observed GSB and high-
K bands in »*No can be explained in the following way.
At the bandhead 7w = 0, the seniority dependence of the
relative pairing gap is reduced by about ~4.5%, which is
due to the Pauli blocking of the unpaired nucleons oc-
cupying single-particle orbitals near the Fermi surface.
This contributes to the ~25% increase of J for the high-
K (seniority v = 2) bands compared with the ground state
band (seniority v = 0). The frequency dependences of the
relative pairing gap reduction at 7iw = 0.3 MeV is about
20% for GSB, and about 5% (8%) for the two-proton
(two-neutron) high-K bands. Therefore, J of the two-
particle K™ = 3*, 8~ and 10" bands displays a flat behavi-
or, while that of GSB shows a smooth increase with fre-
quency.
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4 Summary

The multi-particle states and rotational properties of
the two-particle K™ = 3*, 8~ and 10* bands in >*No were
investigated by the cranked shell model with pairing cor-
relations treated by the particle number conserving meth-
od. The experimental excitation energies and moments of
inertia of the multi-particle states are reproduced well by
the calculations. The calculated Nilsson levels with the
high-order deformation ¢ show enlarged proton Z = 100
and neutron N = 152 deformed shell gaps. Better agree-
ment with the experimental data is achieved with such
single-particle levels structures. There is a signature of

splitting of the Nilsson proton orbital 7r{[521].
Only the state with the configuration n%_ [514](a = +1/2)®
7r{[521](a = —1/2) reproduces the experimental rotation-
al behavior of the 3* state. J in the two-particle bands is
larger than the ground state band by about 25%. A de-
tailed investigation of the pairing shows that the increase
of JI in the two-particle bands can be attributed to the
pairing reduction due to the Pauli blocking effect.

One of the authors, X.-T. He, is grateful to Prof. P.
Walker for his very useful comments and for carefully
reading the manuscript.

References

1 G. D. Dracoulis, P. M. Walker, and F. G. Kondev, Rep. Prog.
Phys., 79(7): 076301 (2016)
2 R. D. Herzberg and P. T. Greenlees, Prog. Part. Nucl. Phys.,
61(2): 674-720 (2008)
3 Rolf-Dietmar Herzberg, J. Phys. G: Nucl. Part. Phys., 30(4):
R123-R141 (2004)
4 P. Reiter, T. L. Khoo, C. J. Lister et al, Phys. Rev. Lett., 82: 509-
512 (1999)
5 P. Reiter, T. L. Khoo, T. Lauritsen et al, Phys. Rev. Lett., 84:
3542-3545 (2000)
6 M. Leino, H. Kankaanpéi, R.-D. Herzberg et al, Eur. Phys. J. A,
6(1): 63-69 (1999)
7  Albert Ghiorso, Kari Eskola, Pirkko Eskola et al, Phys. Rev. C, 7:
2032-2036 (1973)
8 S. Eeckhaudt, P. T. Greenlees, N. Amzal et al, Eur. Phys. J. A,
26(2): 227-232 (2005)
9 S. K. Tandel, T. L. Khoo, D. Seweryniak et al, Phys. Rev. Lett.,
97: 082502 (2006)
10 R.-D. Herzberg, P T Greenlees, P A Butler et al, Nature,
442(7105): 896-899 (2006)
11 F. P. HeBBberger, S. Antalic, B. Sulignano et al, Eur. Phys. J. A,
43(1): 55-66 (2010)
12 R. M. Clark, K. E. Gregorich, J. S. Berryman et al, Phys. Lett. B,
690(1): 19-24 (2010)
13 H. M. David, J. Chen, D. Seweryniak et al, Phys. Rev. Lett., 115:
132502 (2015)
14 A. Chatillon, Ch. Theisen, E. Bouchez et al, Phys. Rev. Lett., 98:
132503 (2007)
15 S. Ketelhut, P. T. Greenlees, D. Ackermann et al, Phys. Rev.
Lett., 102: 212501 (2009)
16 Xiao-Tao He, Zhong-Zhou Ren, Shu-Xin Liu et al, Nucl. Phys.
A, 817(1): 45-60 (2009)
17 Yu-Chun Li and Xiao-Tao He, Sci. China: Phys., Mech. Astron.,
59(7): 672011 (2016)
18 Philip Walker and George Dracoulis, Nature, 399(6731): 35-40
(1999)
19  http://www.nndc.bnl.gov/nndc/ensdf/
20 Yang Sun, Gui-Lu Long, Falih Al-Khudair et al, Phys. Rev. C,
77(4): 044307 (2008)
21 Zhongzhou Ren, Phys. Rev. C, 65: 051304(R) (2002)
22 Zhen-Hua Zhang, Jie Meng, En-Guang Zhao et al, Phys. Rev. C,
87(5): 054308 (2013)
23 H. L. Liu, F. R. Xu, and P. M. Walker, Phys. Rev. C, 86:
011301(R) (2012)
24 A. V. Afanasjev and O. Abdurazakov, Phys. Rev. C, 88(1):
(2013)
25  Yue Shi, J. Dobaczewski, and P. T. Greenlees, Phys. Rev. C, 89:
034309 (2014)
26 Zhen-Hua Zhang, Xiao-Tao He, Jin-Yan Zeng et al, Phys. Rev.
C, 85(1): 014324 (2012)
27 Xu Meng, BingNan Lu, and ShanGui Zhou, Sci. China-Phys.
Mech. Astron., 63: 212011 (2020)
28 Falih Al-Khudair, Gui-Lu Long, and Yang Sun, Phys. Rev. C, 79:
034320 (2009)
29 Xiao-Tao He and Zhong-Zhou Ren, Int. J Mod. Phys. E,

17(supp01): 208-218 (2008)

30 T. M. Shneidman, G. G. Adamian, N. V. Antonenko et al, Phys.
Rev. C, 74: 034316 (2006)

31 Zhongzhou Ren, Ding-Han Chen, Fei Tai et al, Phys. Rev. C, 67:
064302 (2003)

32 A. V. Afanasjev, T. L. Khoo, S. Frauendorf et al, Phys. Rev. C,
67(2): 24309 (2003)

33 H. Laftchiev, D. Samscen, P. Quentin et al, Eur. Phys. J. A, 12(2):
155-159 (2001)

34 J. L. Egido and L. M. Robledo, Phys. Rev. Lett., 85(6): 1198-
1201 (2000)

35 T. Duguet, P. Bonche, and P. Heenen, Nucl. Phys. A, 679: 427-
440 (2001)

36 Yang Sun, Nucl. Phys. A, 834(1-4): 41c-44c (2010)

37 H. L. Liu, F. R. Xu, P. M. Walker et al, Phys. Rev. C, 83:
011303(R) (2011)

38 R.V.Jolos, L. A. Malov, N. Yu Shirikova et al, J. Phys. G Nucl.
Part. Phys., 38(11): 115103 (2011)

39 J.Y.ZengandT.S. Cheng, Nucl. Phys. A, 405(1): 1-28 (1983)

40 C.S.WuandlJ.Y. Zeng, Phys. Rev. C, 39: 666-670 (1989)

41 J. Y. Zeng, T. H. Jin, and Z. J. Zhao, Phys. Rev. C, 50: 1388-
1397 (1994)

42 X.B.Xin, S. X. Liu, Y. A. Lei et al, Phys. Rev. C, 62(6): 067303
(2000)

43 Xiao-Tao He and Yu-Chun Li, Phys. Rev. C, 98: 064314 (2018)

44  X. M. Fu, F. R. Xu, J. C. Pei et al, Phys. Rev. C, 87(4): 044319
(2013)

45 X.M. Fu, F. R. Xu, C. F. Jiao et al, Phys. Rev. C, 89(5): 054301
(2014)

46 Zhen-Hua Zhang, Jin-Yan Zeng, En-Guang Zhao et al, Phys.
Rev. C, 83(1): 011304(R) (2011)

47 P. Moller and J. R. Nix, At. Data and Nucl. Data Tables, 59: 185-
381 (1995)

48 Zygmunt Patyk and Adam Sobiczewski, Nucl. Phys. A, 533(1):
132-152 (1991)

49 P. T. Greenlees, R.-D. Herzberg, S. Ketelhut et al, Phys. Rev. C,
78: 021303(R) (2008)

50 F.R. Xu, E. G. Zhao, R. Wyss et al, Phys. Rev. Lett., 92(25 I):
252501 (2004)

51 V. G. Soloviev, A. V. Shushkov, and N. Yu, Sov. J. Nucl. Phys.,
54:1232-1238 (1991)

52 S. P. Ivanova, A. L. Komov, L. A. Malov et al, Sov. J. Part.
Nucl., 7: 175 (1976)

53 C.J. Gallagher, Phys. Rev., 126: 1525-1531 (1962)

54 B. Sulignano, Ch. Theisen, J.-P. Delaroche et al, Phys. Rev. C,
86: 044318 (2012)

55 S. S. Hota, S. K. Tandel, P. Chowdhury et al, Phys. Rev. C,
94(2): 021303(R) (2016)

56 K. Haraand Y. Sun, Int. J. Mod. Phys. E, 04(04): 637-785 (1995)

57 R. R. Chasman, I. Ahmad, A. M. Friedman et al, Rev. Mod.
Phys., 49: 833-891 (1977)

58 G. D. Dracoulis, F. G. Kondev, and P. M. Walker, Phys. Lett. B,
419(1-4): 7-13 (1998)

59 Y.R. Shimizu, J. D. Garrett, R. A. Broglia et al, Rev. Mod. Phys.,
61: 131-168 (1989)

60 X. Wu, Z. H. Zhang, J. Y. Zeng et al, Phys. Rev. C, 83(3):
034323 (2011)

034106-8


http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1016/j.ppnp.2008.05.003
http://dx.doi.org/10.1088/0954-3899/30/4/R01
http://dx.doi.org/10.1103/PhysRevLett.82.509
http://dx.doi.org/10.1103/PhysRevLett.84.3542
http://dx.doi.org/10.1007/s100500050318
http://dx.doi.org/10.1103/PhysRevC.7.2032
http://dx.doi.org/10.1140/epja/i2005-10163-6
http://dx.doi.org/10.1103/PhysRevLett.97.082502
http://dx.doi.org/10.1038/nature05069
http://dx.doi.org/10.1140/epja/i2009-10899-9
http://dx.doi.org/10.1016/j.physletb.2010.04.079
http://dx.doi.org/10.1103/PhysRevLett.115.132502
http://dx.doi.org/10.1103/PhysRevLett.98.132503
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1007/s11433-016-0061-0
http://dx.doi.org/10.1038/19911
http://www.nndc.bnl.gov/nndc/ensdf/
http://dx.doi.org/10.1103/PhysRevC.77.044307
http://dx.doi.org/10.1103/PhysRevC.65.051304
http://dx.doi.org/10.1103/PhysRevC.87.054308
http://dx.doi.org/10.1103/PhysRevC.86.011301
http://dx.doi.org/10.1103/PhysRevC.89.034309
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1103/PhysRevC.79.034320
http://dx.doi.org/10.1142/S0218301308011860
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.67.064302
http://dx.doi.org/10.1103/PhysRevC.67.024309
http://dx.doi.org/10.1007/s100500170023
http://dx.doi.org/10.1103/PhysRevLett.85.1198
http://dx.doi.org/10.1016/S0375-9474(00)00370-5
http://dx.doi.org/10.1016/j.nuclphysa.2010.01.013
http://dx.doi.org/10.1103/PhysRevC.83.011303
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1016/0375-9474(83)90320-2
http://dx.doi.org/10.1103/PhysRevC.39.666
http://dx.doi.org/10.1103/PhysRevC.50.1388
http://dx.doi.org/10.1103/PhysRevC.62.067303
http://dx.doi.org/10.1103/PhysRevC.98.064314
http://dx.doi.org/10.1103/PhysRevC.87.044319
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/0375-9474(91)90823-O
http://dx.doi.org/10.1103/PhysRevC.78.021303
http://dx.doi.org/10.1103/PhysRev.126.1525
http://dx.doi.org/10.1103/PhysRevC.86.044318
http://dx.doi.org/10.1103/PhysRevC.94.021303
http://dx.doi.org/10.1142/S0218301395000250
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1016/S0370-2693(97)01456-1
http://dx.doi.org/10.1103/RevModPhys.61.131
http://dx.doi.org/10.1103/PhysRevC.83.034323
http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1016/j.ppnp.2008.05.003
http://dx.doi.org/10.1088/0954-3899/30/4/R01
http://dx.doi.org/10.1103/PhysRevLett.82.509
http://dx.doi.org/10.1103/PhysRevLett.84.3542
http://dx.doi.org/10.1007/s100500050318
http://dx.doi.org/10.1103/PhysRevC.7.2032
http://dx.doi.org/10.1140/epja/i2005-10163-6
http://dx.doi.org/10.1103/PhysRevLett.97.082502
http://dx.doi.org/10.1038/nature05069
http://dx.doi.org/10.1140/epja/i2009-10899-9
http://dx.doi.org/10.1016/j.physletb.2010.04.079
http://dx.doi.org/10.1103/PhysRevLett.115.132502
http://dx.doi.org/10.1103/PhysRevLett.98.132503
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1007/s11433-016-0061-0
http://dx.doi.org/10.1038/19911
http://www.nndc.bnl.gov/nndc/ensdf/
http://dx.doi.org/10.1103/PhysRevC.77.044307
http://dx.doi.org/10.1103/PhysRevC.65.051304
http://dx.doi.org/10.1103/PhysRevC.87.054308
http://dx.doi.org/10.1103/PhysRevC.86.011301
http://dx.doi.org/10.1103/PhysRevC.89.034309
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1103/PhysRevC.79.034320
http://dx.doi.org/10.1142/S0218301308011860
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.67.064302
http://dx.doi.org/10.1103/PhysRevC.67.024309
http://dx.doi.org/10.1007/s100500170023
http://dx.doi.org/10.1103/PhysRevLett.85.1198
http://dx.doi.org/10.1016/S0375-9474(00)00370-5
http://dx.doi.org/10.1016/j.nuclphysa.2010.01.013
http://dx.doi.org/10.1103/PhysRevC.83.011303
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1016/0375-9474(83)90320-2
http://dx.doi.org/10.1103/PhysRevC.39.666
http://dx.doi.org/10.1103/PhysRevC.50.1388
http://dx.doi.org/10.1103/PhysRevC.62.067303
http://dx.doi.org/10.1103/PhysRevC.98.064314
http://dx.doi.org/10.1103/PhysRevC.87.044319
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/0375-9474(91)90823-O
http://dx.doi.org/10.1103/PhysRevC.78.021303
http://dx.doi.org/10.1103/PhysRev.126.1525
http://dx.doi.org/10.1103/PhysRevC.86.044318
http://dx.doi.org/10.1103/PhysRevC.94.021303
http://dx.doi.org/10.1142/S0218301395000250
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1016/S0370-2693(97)01456-1
http://dx.doi.org/10.1103/RevModPhys.61.131
http://dx.doi.org/10.1103/PhysRevC.83.034323
http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1016/j.ppnp.2008.05.003
http://dx.doi.org/10.1088/0954-3899/30/4/R01
http://dx.doi.org/10.1103/PhysRevLett.82.509
http://dx.doi.org/10.1103/PhysRevLett.84.3542
http://dx.doi.org/10.1007/s100500050318
http://dx.doi.org/10.1103/PhysRevC.7.2032
http://dx.doi.org/10.1140/epja/i2005-10163-6
http://dx.doi.org/10.1103/PhysRevLett.97.082502
http://dx.doi.org/10.1038/nature05069
http://dx.doi.org/10.1140/epja/i2009-10899-9
http://dx.doi.org/10.1016/j.physletb.2010.04.079
http://dx.doi.org/10.1103/PhysRevLett.115.132502
http://dx.doi.org/10.1103/PhysRevLett.98.132503
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1007/s11433-016-0061-0
http://dx.doi.org/10.1038/19911
http://www.nndc.bnl.gov/nndc/ensdf/
http://dx.doi.org/10.1103/PhysRevC.77.044307
http://dx.doi.org/10.1103/PhysRevC.65.051304
http://dx.doi.org/10.1103/PhysRevC.87.054308
http://dx.doi.org/10.1103/PhysRevC.86.011301
http://dx.doi.org/10.1103/PhysRevC.89.034309
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1103/PhysRevC.79.034320
http://dx.doi.org/10.1142/S0218301308011860
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.67.064302
http://dx.doi.org/10.1103/PhysRevC.67.024309
http://dx.doi.org/10.1007/s100500170023
http://dx.doi.org/10.1103/PhysRevLett.85.1198
http://dx.doi.org/10.1016/S0375-9474(00)00370-5
http://dx.doi.org/10.1016/j.nuclphysa.2010.01.013
http://dx.doi.org/10.1103/PhysRevC.83.011303
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1016/0375-9474(83)90320-2
http://dx.doi.org/10.1103/PhysRevC.39.666
http://dx.doi.org/10.1103/PhysRevC.50.1388
http://dx.doi.org/10.1103/PhysRevC.62.067303
http://dx.doi.org/10.1103/PhysRevC.98.064314
http://dx.doi.org/10.1103/PhysRevC.87.044319
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/0375-9474(91)90823-O
http://dx.doi.org/10.1103/PhysRevC.78.021303
http://dx.doi.org/10.1103/PhysRev.126.1525
http://dx.doi.org/10.1103/PhysRevC.86.044318
http://dx.doi.org/10.1103/PhysRevC.94.021303
http://dx.doi.org/10.1142/S0218301395000250
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1016/S0370-2693(97)01456-1
http://dx.doi.org/10.1103/RevModPhys.61.131
http://dx.doi.org/10.1103/PhysRevC.83.034323
http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1016/j.ppnp.2008.05.003
http://dx.doi.org/10.1088/0954-3899/30/4/R01
http://dx.doi.org/10.1103/PhysRevLett.82.509
http://dx.doi.org/10.1103/PhysRevLett.84.3542
http://dx.doi.org/10.1007/s100500050318
http://dx.doi.org/10.1103/PhysRevC.7.2032
http://dx.doi.org/10.1140/epja/i2005-10163-6
http://dx.doi.org/10.1103/PhysRevLett.97.082502
http://dx.doi.org/10.1038/nature05069
http://dx.doi.org/10.1140/epja/i2009-10899-9
http://dx.doi.org/10.1016/j.physletb.2010.04.079
http://dx.doi.org/10.1103/PhysRevLett.115.132502
http://dx.doi.org/10.1103/PhysRevLett.98.132503
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1007/s11433-016-0061-0
http://dx.doi.org/10.1038/19911
http://www.nndc.bnl.gov/nndc/ensdf/
http://dx.doi.org/10.1103/PhysRevC.77.044307
http://dx.doi.org/10.1103/PhysRevC.65.051304
http://dx.doi.org/10.1103/PhysRevC.87.054308
http://dx.doi.org/10.1103/PhysRevC.86.011301
http://dx.doi.org/10.1103/PhysRevC.89.034309
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1103/PhysRevC.79.034320
http://dx.doi.org/10.1142/S0218301308011860
http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1088/0034-4885/79/7/076301
http://dx.doi.org/10.1016/j.ppnp.2008.05.003
http://dx.doi.org/10.1088/0954-3899/30/4/R01
http://dx.doi.org/10.1103/PhysRevLett.82.509
http://dx.doi.org/10.1103/PhysRevLett.84.3542
http://dx.doi.org/10.1007/s100500050318
http://dx.doi.org/10.1103/PhysRevC.7.2032
http://dx.doi.org/10.1140/epja/i2005-10163-6
http://dx.doi.org/10.1103/PhysRevLett.97.082502
http://dx.doi.org/10.1038/nature05069
http://dx.doi.org/10.1140/epja/i2009-10899-9
http://dx.doi.org/10.1016/j.physletb.2010.04.079
http://dx.doi.org/10.1103/PhysRevLett.115.132502
http://dx.doi.org/10.1103/PhysRevLett.98.132503
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1103/PhysRevLett.102.212501
http://dx.doi.org/10.1007/s11433-016-0061-0
http://dx.doi.org/10.1038/19911
http://www.nndc.bnl.gov/nndc/ensdf/
http://dx.doi.org/10.1103/PhysRevC.77.044307
http://dx.doi.org/10.1103/PhysRevC.65.051304
http://dx.doi.org/10.1103/PhysRevC.87.054308
http://dx.doi.org/10.1103/PhysRevC.86.011301
http://dx.doi.org/10.1103/PhysRevC.89.034309
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1103/PhysRevC.85.014324
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1007/s11433-019-9422-1
http://dx.doi.org/10.1103/PhysRevC.79.034320
http://dx.doi.org/10.1142/S0218301308011860
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.67.064302
http://dx.doi.org/10.1103/PhysRevC.67.024309
http://dx.doi.org/10.1007/s100500170023
http://dx.doi.org/10.1103/PhysRevLett.85.1198
http://dx.doi.org/10.1016/S0375-9474(00)00370-5
http://dx.doi.org/10.1016/j.nuclphysa.2010.01.013
http://dx.doi.org/10.1103/PhysRevC.83.011303
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1016/0375-9474(83)90320-2
http://dx.doi.org/10.1103/PhysRevC.39.666
http://dx.doi.org/10.1103/PhysRevC.50.1388
http://dx.doi.org/10.1103/PhysRevC.62.067303
http://dx.doi.org/10.1103/PhysRevC.98.064314
http://dx.doi.org/10.1103/PhysRevC.87.044319
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/0375-9474(91)90823-O
http://dx.doi.org/10.1103/PhysRevC.78.021303
http://dx.doi.org/10.1103/PhysRev.126.1525
http://dx.doi.org/10.1103/PhysRevC.86.044318
http://dx.doi.org/10.1103/PhysRevC.94.021303
http://dx.doi.org/10.1142/S0218301395000250
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1016/S0370-2693(97)01456-1
http://dx.doi.org/10.1103/RevModPhys.61.131
http://dx.doi.org/10.1103/PhysRevC.83.034323
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.74.034316
http://dx.doi.org/10.1103/PhysRevC.67.064302
http://dx.doi.org/10.1103/PhysRevC.67.024309
http://dx.doi.org/10.1007/s100500170023
http://dx.doi.org/10.1103/PhysRevLett.85.1198
http://dx.doi.org/10.1016/S0375-9474(00)00370-5
http://dx.doi.org/10.1016/j.nuclphysa.2010.01.013
http://dx.doi.org/10.1103/PhysRevC.83.011303
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1088/0954-3899/38/11/115103
http://dx.doi.org/10.1016/0375-9474(83)90320-2
http://dx.doi.org/10.1103/PhysRevC.39.666
http://dx.doi.org/10.1103/PhysRevC.50.1388
http://dx.doi.org/10.1103/PhysRevC.62.067303
http://dx.doi.org/10.1103/PhysRevC.98.064314
http://dx.doi.org/10.1103/PhysRevC.87.044319
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1103/PhysRevC.83.011304
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/0375-9474(91)90823-O
http://dx.doi.org/10.1103/PhysRevC.78.021303
http://dx.doi.org/10.1103/PhysRev.126.1525
http://dx.doi.org/10.1103/PhysRevC.86.044318
http://dx.doi.org/10.1103/PhysRevC.94.021303
http://dx.doi.org/10.1142/S0218301395000250
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1103/RevModPhys.49.833
http://dx.doi.org/10.1016/S0370-2693(97)01456-1
http://dx.doi.org/10.1103/RevModPhys.61.131
http://dx.doi.org/10.1103/PhysRevC.83.034323

