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Low-lying states of odd-even N =79 isotones within the
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Abstract: In this paper, we study low-lying states of odd-even N =79 isotones, including '2*Sn, 3! Te, 133 Xe,
135Ba, and '¥7Ce, within the nucleon-pair approximation (NPA) of the shell model. Low-lying energy levels of

these nuclei with both positive and negative parities, as well as B(E2) transition rates and g factors of some low-ly-

ing states, are calculated. Most of them agree closely with experimental data. The wave functions of yrast 1/27,
5/2%,7/2%, 23/21r states and negative parity 11/27 ~23/27 and 27/25 states of these nuclei are discussed in de-
tail. The NPA calculations show that many of these states have a simple structure in the nucleon-pair basis.
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I. INTRODUCTION

The structure of nuclei with the mass number 4
around 130 has been a focal point of research in both nuc-
lear physics and astrophysics. Interesting features such as
the back-bending phenomenon, high-spin isomers, and y
instability in low-lying states for nuclei in this region
have attracted much interest in recent years, and many
results have been achieved [1—10]. Here, odd-mass nuc-
lei with the neutron number N =79 exhibit a competition
between the evolution of nuclear collectivity and the ex-
citation of single-particle states, and the neutron %;,,, or-
bit plays a pivotal role in generating high-spin states. The
isomeric 11/2; states with neutron-hole configurations
vhil,, have been discovered in all odd-mass N =79 iso-
tones, and several high-spin isomers above this 11/2]
state have been reported [11].

A fundamental framework for describing nuclei with
A ~130 1is the nuclear shell model (NSM) [12—-17].
However, the configuration truncation is indispensable
owing to the explosively increased configuration space of
the NSM. The nucleon-pair approximation (NPA)
[18—21] is one of the practical approaches and has been
proved to be effective in studying the low-lying states of
nuclei in this region [21-28]. For odd-mass N =79 iso-
tones, the NPA with only S and D pairs (spin equals 0
and 2) can describe the yrast states and some negative
parity states below 1 MeV [24]. For higher states, pairs
with higher spin should be considered.
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Recently, the NPA with high-spin pairs, neutron
(h112)7% configuration, and several nucleon pairs with
negative parity have been employed to investigate
isotones with N =80 [27]. Most calculated energy
levels, B(E2) transition rates, and g factors of the low-
lying states of '°Sn, 'Te, **Xe, '*°Ba, and '*®Ce are
consistent with experimental values. This paper extends
the approach to study the low-lying states of N =79 iso-
tones, i.e., '¥Sn, ®!'Te, **Xe, '»Ba, and '*Ce, and dis-
cusses the wave functions of some low-lying states in
detail.

The remainder of this paper is organized as follows.
In Sec. II, a brief introduction to the formulation of the
NPA is given, including the phenomenological Hamilto-
nian, nucleon-pair basis states, and electromagnetic-trans-
ition operators. The calculated results are given and dis-
cussed in Sec. III, and the summary is provided in Sec.
IV. Analytical matrix elements of two-body interaction
operators for odd system with one nucleon-pair are
presented in Appendix A.

II. THEORETICAL FRAMEWORK

In this section, we briefly introduce the NPA, which
was first developed by Chen [29] and was generalized
and refined in Refs. [30—33]. In our calculations, we only
consider the 50~ 82 major shell with five single-
particle(-hole) orbits: 0g7/2, 1ds2, 1d3j2, 251/2, and Ohyy ;.
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A. Hamiltonian
The Hamiltonian in this paper is similar to that in Ref.
[27] and includes the spherical single-particle(-hole) en-
ergy H,, residual interactions between the like valence
particles Hp, and quadrupole-quadrupole interactions
between all valence particles Hy, i.e.,

H:H0+HP+HQ. (1)

The first term H, is defined as

HO = Z E(w'Cjw—C(w" (2)
where C!_ (C,,) is a creation (an annihilation) operator,
with @ = (nljm) denoting all the quantum numbers re-

quired for a nucleus and o = or v corresponding to the
proton or neutron degrees of freedom. The single-
particle(-hole) energies of valence protons e€;, (valence
neutron holes ¢;,) tabulated in Table 1 are obtained from
experimental energies of the lowest states with spin j in
133Sb ('¥'Sn) [34-36], except €, for 1/2*, which in-
creases by 0.1 MeV, and for 11/2-, which equals 0.02+
0.01N, (N, isthe valence proton number). This adjust-
ment is similar to those in Refs. [7, 9] and is primarily
performed to reproduce the energy levels of low-lying
states.
The second term in Eq. (1), Hp, is defined as

Hp =Vy+ Vo +Vy+ Vi, 3)
where
Vo = GOPOT. PO L GOPOT . PO
V, = GRPOT. P2 4 GOPOT . PO
Vi = GOPW.pW L GHPWT. P
0= GilO)Pf,lo)T _751(/10). (4)
Here, the interaction parameters G (1=0,2,4,10) of

1298n, Bl Te, 13Xe, 1**Ba, and '*’Ce are tabulated in Table 2.
Fort=0,

PO = Z Vz]o* (CT e,
PO = Z “2’” Vet lE G0, (5)

Fort=2 and 4,

P = qlasb)(C] xC} )i,

agbg

P ==Y qlasb.)(C, xC, ), (6)

agbo

Table 1.
protons (valence neutron holes) obtaineed from yrast state en-
ergies of '3Sb (13'Sn) [34-36], except €, for 1/2* (11/27),

Single-particle(-hole) energies (in MeV) of valence

which increases by 0.1 MeV (equals ¢). Here,

€=0.02+0.01N,.

jparity 1/2* 3/2* 5/2* 7/2* 11/27
€jn 2.990 2.690 0.963 0.000 2.760
€jv 0.432 0.000 1.655 2.434 €

where

L Gallr YL

V21+1 rg

and r, is the oscillator parameter (73 = 1.0124' fm?). For
=10,

g(abd) =~ (7)

PE/IO)T — (Cj’ X C;)S\llo)’ i)ilo) (C X C )(10) (8)

where j corresponds to the neutron 4y, orbit.

The last term in Eq. (1) is Hp, which is the sum of the
quadrupole-quadrupole interaction between the like
valence nucleons V, and proton-neutron interaction V.
Here,

Vo= Z <2)Q(2) Q<2> 9)

o

=<0 Q. (10)
with the operator
0% = qlab2)(C} xCy)5. (11
ab

and interaction parameters «? and x are also given in
Table 2.

B. Configuration basis
With the convention C m=(=1)/"C
ive nucleon pair with spin » and projection u, as well as

j-m, a non-collect-

its time reversal, can be defined as

Al(ab)" = (C[xC))Y,
Al(ab) = ~(Co x Cy) P, (12)
where a and b are the angular momenta of single-particle

orbits. A collective nucleon pair and its time reversal can
be defined as
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Table 2. Interaction parameters of 12Sn, 13! Te, 133Xe, 135Ba, and 1¥’Ce. G\, G, and G{'” are in units of MeV, G is in units of
MeV/r§, and the others are in units of MeV/r3. A smooth change in these parameters with the valence proton number N, is assumed.
G(VO) 65/2) G£,4) G$/]O) K$/2)
—0.155-0.0015N, —0.019 —0.00025N, —0.0001 - 0.000035N, 0.15+0.04N, —0.030+0.002N,
G G G & x
—0.213+0.0015N, —0.029+0.0015N, —0.00105 + 0.00005N, —0.070 4+ 0.005N, 0.070+0.005N,

Af = y(abr)(CIx C)Y,

ab
A== yabr)(CuxCy), (13)
ab
where the structure coefficients y(abr) of the collective
pair satisfy the symmetry

y(abr) = (=1 1y (bar) (14)

and are obtained using the procedure given in Ref. [37].

For an odd system with 2n+ 1 nucleons, the NPA
basis state can be constructed by coupling n nucleon pairs
and an unpaired nucleon in the j-orbit, i.e.,

[T, M,y = Ay (rory 1y Iy Ja -+ J,)10)
={- -[(C; X ANHUD s ArH ) 5 XAr,,T}sl/IJ:)l())’
(15)

where J, and M, are the total angular momentum and its
projection of these 2n+1 nucleons, respectively, and
represents additional necessary quantum numbers.

In this paper, S,D,F,G,H,I, and J are used to repres-
ent a nucleon pair with spin 0, 2, 3, 4, 5, 6, and 7, respect-
ively. Similar to Ref. [27], collective S*,D*,G*,I* pairs
are used to construct the proton nucleon-pair basis states,
expect for *’Ce for which collective S*,D* pairs and up
to one G* pair and one [* pair are considered owing to
the computational cost; collective S*,S’* (second spin-
zero), D*,G*, and F~,G~,H ,I", 9~ pairs, as well as non-
collective (vh;y,)~2 pairs (denoted by AY with J =2,4,6,
8,10) are taken to construct the neutron nucleon-pair
basis states. The basis states in this paper are normalized
but non-orthogonal to each other.

C. Electromagnetic-transition operators

The E2 transition operator in this paper is defined as
T(E2) = Z eer2Y2, (16)

where e, (0 =m,v)denotes the effective charges (includ-
ing bare charges) of valence protons and valence neutron
holes. The M1 transition operator is defined as

T(Ml) = \/g,ﬁ = \/gz:(gl(rz(r +gsa'§o'), (17)

where g, (g,-) 1s the orbital (spin) gyromagnetic ratios,
and L, (S,) is the total orbital angular momentum (total
spin) operator. The g factor is defined as u/J (J is the
total angular momentum), with

=Yl saed = (18)

Similar to Ref. [27], we set e, = 1.79; e, = —0.71 (in units
of e); and g, =100, g,6,=002, g =5586%07,
g, = —3.826x0.7 (in unit of uy/h). Here, the sign of e, is
negative because we use the hole-like picture.

III. RESULTS AND DISCUSSIONS

In this section, our calculated results of '>Sn, "*!Te,
13Xe, 1%Ba, and 'Ce are presented and discussed.
Figure 1 and Fig. 2 present the calculated energy levels
for these five N =79 isotones, comparing them with ex-
perimental values obtained from Ref. [36]. The energy
levels of most low-lying states are well reproduced. Some
energy levels for which the experimental results remain
inconclusive are also plotted. In addition, our calculated
B(E2) transition rates (in units of W.u.) and g factors (in
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Fig. 1. Energy levels of 2Sn. The left-hand (right-hand)

side corresponds to experimental values [36] (our NPA calcu-
lated results).
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Fig. 2. Same as Fig. 1. Panels (a), (b), (c), and (d) correspond to '*!Te, 13*Xe, 1% Ba, and *’Ce, respectively.

units of uy) for low-lying states are presented in Table 3
and Table 4, respectively. The corresponding experiment-
al values [36] and some other calculations of B(E2) [3, 9,
28, 38, 39] and g factors [9, 24, 28, 40, 41] are also given
for comparison. Our calculated B(E2) and g factors show
reasonable agreement with experimental values.

A. 'PSn

Let us begin the discussion with '?*Sn, a nucleus with
only three valence neutron holes. As shown in Fig. 1, the
energy levels of most low-lying states are well repro-
duced except for the 7/23 state, which exhibits a signific-
ant deviation from the experimental value. The same de-
viations can also be observed in Refs. [42—44]. Experi-
mentally, energies of the first two probable 7/2* states
are very close (1.047 and 1.054 MeV). Therefore, the cal-
culated 7/2% state may correspond to the 7/2* state at
1.865 MeV observed experimentally, as their energies are
comparable (see Fig. 1).

For the wave functions of low-lying states of 'Sn,
the dominant components of the 11/2; state are vhj;),
and vhi|,ds}, [39, 43, 45], and those of the 3/23, 5/27,
7/27 states are the d;), neutron holes [44]. Reference [46]
also indicates that one of the three neutron holes always

occupies the s, orbit for the 1/2} state. The NSM calcu-
lation produces 39% vhi}, and 34% vhj,d;7, compon-
ents of the 11/2; state and 57% vhij,si,, and 27%
vds7,s7), components of the 1/2} state [39]. In our NPA
calculations, the wave function of the 11/27 state for
128n is

which contains about 58% vh},, and 34% vhi{,d5}, com-
ponents, and that of the1/2] state is

11/2]) = —0.99IS T ®vsih) +--- (20)

which contains about 44% vhi7,s7), and 24% vds}s;),
components, and those of the 3/2%, 5/27 and 7/2} states
are

3/25) = —0.91|D} @vdy )+,
5/27) = =0.97|D} ®vdy),) + -+,

17/27) = 0.94ID; @ vds ) + -+, (21

124109-4



Low-lying states of odd-even N = 79 isotones within the nucleon-pair approximation

Chin. Phys. C 49, 124109 (2025)

Table 3.

B(E2) values (in units of W.u.) of sn, BITe,
133Xe, 135Ba, and !¥’Ce. Some experimental values [36] and
theoretical results obtained from “Ref. [9], “Ref. [39], ‘Ref.
[38], “Ref. [28], and “Ref. [3] are also given for comparison.

Table 4.

g factors (in units of uy) of '2%Sn, BlTe, 33Xe,
135Ba, and '3"Ce. Some experimental values [36] and theoret-
ical results taken from “Ref. [9], "Ref. [41], “Ref. [24], “Ref.
[28], and “Ref. [40] are also given for comparison.

Ji—Jg B(E2) J g factor
NPA Others Expt. NPA Others Expt.
1298n 3/21 - 1/27 0.758 111 - 1296 3/27  0.806 0.803/0.817%/0.761¢ 0.754(6)
5/21 - 3/27 1.54 1.88¢ - 12 -1234 -1.250¢ _
512 =121 0272 0.0328" - 5/2F 0129 0.116%0.06° -
19/2+ - 15/2F 138 1.39%0.83" 1.4(6) 727 -1.134 —0.899¢ -
23/27 - 19/2  0.829 0.633%/0.58" 1.39(10) 9/27  -1.067 —1.11%-1.152¢ -
9/2y = 11/2y 1.87 3.02¢ - 11727 —1238  —1.349-1264"-1337°  —1.297(5)
7/27 = 11/27 1.72 1.97 - Blre  3/27 0.833 0.8434/0.773¢ 0.696(9)
7/27 = 9/27 1.01 0.169° - 1/27 -121 —1.200° _
15/2y = 1727 1.69 0.97" 1.12(34) 5/2F  03s8 0.356%/0.463¢ -
27/27 = 23/27  0.561 0.565° 0.79(36) 7/2F 1.05 0.835¢ _
131Te 1/27 = 3/27 2.63 8.23¢ - 7027 ~1.29 ~1.39¢ B
527 =3/21 597 7.92¢ - 9/2;  -1.07 ~1.11%-1.22¢ _
32 =120 0739 0.0212¢ - 127 -121 ~1.30%-1.32° ~1.04(4)
72 - 3/2} 6.20 8.40° 10.17 15/27 0,902 ~0.66¢ _
9/21 = 11/27 619 8.99 - 1920 178 2314 ~
7/27 = 9/27 3.46 1.25 - 232, 220 3414 B
727 > 11/2] 695 7.83¢ - /25 Led 2344 ~
BS2y=12r 7 12.70° - 1BXe  3/2f 087 0.8929/0.782° 0.8134(7)
13/2; - 11/2] 76 8.125° - 125 —1185 L1140 -
17/271 - 13/27 295 3.07%2.37%2.255¢ 35 ST 0517 0.651%/0.653° B
19/27 - 15/27 5.51 4244 - 9/27 o4 11091229 ~
212 = 1912 769 1887 _ 11727 -1.18 ~1.25%-1.298¢ —1.08247(15)
. V2 =302 6.04 1.1 B 135Ba  3/2f 0929 0.9214/0.790° 0.837943(17)
5/2F —3/2% 13.74 19.9¢ - 2 s -
7/2F —3/2F 11.81 17.5° - s 0780 0.99140.723¢ B
9/27 - 11/2; 10.9 15.2¢ - w2 1376 | 530° B
15/27 — 11/27 10.6 13.8 - _ .
135Ba 1/2t —3/2F 11.7 16.2¢ 4.6(2) 9/21_ oon 71;224 . N
2t 32t o3 . 0 11/2+l -1.111 -1.170 /—1.28? —-1.001(15)
3/25 —3/2} 17.04 . 15(10) 137Ce 3/21+ 0.947 0.2694/0.797¢ 0.96(4)
5265 1/2F 255 1.31¢ 2.6(5) e o -
5/2F 0.764 1.020¢/0.803¢ -
5/27 —3/27 30.63 37.2¢ 28.3(10) _
9/21  -0.956 -1.06-1.215¢ -
7/27 —3/27 215 25.0¢ 19.9(8) _ ) i
e 2t o a6 - - 11727 -1.095 -1.2109-1.276¢ -1.01(4)
32 =302 1816 N - respectively. These calculations agree closely with the
15/27 > 11727 1698 - - results in Refs. [39, 43—46].
9/27 - 11/27  15.83 - - For the 15/27, 19/27, and 23/2% states of '®Sn, the
9/27 = 7/2; 12.04 _ _ dominant configuration is suggested to be vh;lz/zdg /12,
13/2; >9/27 0214 _ _ whereas for the 23/2; and 27/2; states, it is suggested to

be vh[f/z [38, 39, 44, 47, 48]. The NSM calculation
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provides 80% vhi7,d;), and 16% vhii,s;/, components
of the 19/2] state and is similar to the 15/2 state [48],
whereas they give 97% vhi},ds;}, components of the
23/2; state [39] and more than 90% vhi;,, components of
the 23/27 and 27/27 states [38, 48]. In our NPA calcula-
tions, about 75%, 81%, and 97% vhi},d;), components
are obtained in the wave functions of the 15/2}, 19/2},
and 23/2} states, respectively, and almost 100% vh;},
components of the 23/27 and 27/27 states, which agree
closely with results in Refs. [38, 39, 44, 47, 48].

B. 1/2] states

According to the calculation using the Interacting Bo-
son—Fermion model (IBFM), the '*'Te nucleus can be de-
scribed as consisting of a '*2Te core coupled with a neut-
ron hole, and the configuration of the 1/2} state is domin-
ated by vsj/, with a small admixture of vds}, [49]. Refer-
ences [50, 51] suggest that the 1/2] state of *!Te is iden-
tified as a pure single-quasiparticle state. In our NPA cal-
culation, the wave function of the 1/27 state for 3! Te is

11/27) = 0.931S ) ®IS T ®vs; ) —0.331SH&ID} ®@vdyh) +--
(22)

which agrees with Refs. [49—51].

Figure 3 presents the overlap squared between excita-
tion configurations and the NPA wave function of the
1/27 state for *'Te, '#*Xe, '**Ba, and '*Ce versus the
mass number 4. The red circles and black squares corres-
pond to the |/, = 0)®|S; ®vsi),) and |/, = 0)®|D} @ vds),)
configurations, respectively. We observe that the config-
uration |/, =0)®|S} ®vs] /12> dominates the 1/2} state in
these nuclei and decreases with increasing A, whereas the
configuration |/, = 0)®|D; ®vds),) increases with 4. This

—O©— single-particle in s1/2}
=B single-particle in d3/2]

o o
=N 0
T T
1 1

overlap squared
o
N
T
1

" e—e—e— ]

00 1 1 1 1 1 1 1
131 132 133 134 135 136 137 138
A
Fig. 3. (color online) Overlap squared between the configur-

ations |/, =0)®|S} ®vsl‘/‘2) (red circles) and |J; =0)®
|D} ®vdj /]2) (black squares) with the NPA wave function of the

1/2} state versus the mass number 4.

is consistent with the experimental energy levels of the
1/2} state, which decrease with increasing 4, because the
single neutron hole energy of s, is larger than that of
ds (see Table 1).

C. 5/27 and 7/2] states

Similar to the 1/2} state, the 5/27 and 7/2} states of
BITe are suggested to result essentially from the coup-
ling of quasiparticles to the lowest-lying collective core
states, and the configurations of these two states are dom-
inated by vd;}, [49]. The wave functions of the 5/2} and
7/2; states for *!Te in our NPA calculations are

|5/27) = 0.861S 1) ®|D; @vdy )+,
|7/27) = 0.73IS 1) ®ID; @vdy ) + -+, (23)

respectively. Thus, the dominant components of both the
5/21 and 7/27 states for '3'Te are neutron excitations and
is consistent with the IBFM results [49].

The orbit with the lowest single-particle energy of
valence protons is g7, and the hy,,, orbit has the lowest
single-hole energy of valence neutron holes except for the
dspp orbit, which cannot construct a neutron pair with
high spin (see Table 1). The percentages of configura-
tions 7g7,®vhii,d;), and ng3,®vhii,s;), (the single
neutron hole is considered to occupy the d;/, or s,,, orbit,
which has relatively lower energy and positive parity) in
wave functions of positive parity (1/27 ~23/27) states for
BITe are calculated and presented in Fig. 4, denoted by
solid black squares and red circles, respectively. The cor-
responding hollow symbols represent results given by the

T T T T T T T T T T T T
1'0 B 2 . T
== ()27 ,(V)h}} pd3), in NPA
=@~ (1)g2 ,(v)h73 557, in NPA
0.8 =B (Mgl ,(Vhi},ds), in EPQQM E
O Wg Whiissih, in EPQQM
[o]
& o6 40 .
8
=]
Q
2
jo) - -
2 0.4
0.2 E
0.0 - E
1 1 1 1 1 1 1 1 1 1 1 1
12 3/2 52 72 92 11/2 13/2 15/2 17/2 19/2 2172 2312
J
Fig. 4. (color online) Percentages of configurations

g3, ®vhii,dl, (solid black squares) and g3, ®@vhiT,s),
(solid red circles) in the NPA wave functions of positive par-
ity states for 13!Te versus the angular momentum J. For com-
parison, the EPQQM results from Ref. [3] are also given, de-
noted by hollow symbols.
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extended pairing plus multipole-multipole force model
(EPQQM) [3] and are presented for comparison. The
EPQQM is introduced in Ref. [52]. Our calculations
show that the configuration 7g7,®vhii,d;), dominates
both the 5/27 and 7/27 states for '*'Te, which is in agree-
ment with the results from Ref. [3].

In Fig. 5, the overlap squared between neutron excita-
tion configurations and |J, =2) configurations with the
wave functions of the 5/27 and 7/2} states is plotted
versus the mass number 4. The neutron excitation config-
urations of the 5/27 and 7/2} states (labeled by red
circles and blue triangles) decrease rapidly at '*3Xe,
whereas |J, = 2)configurations (labeled by the black
squares and green stars) increase with 4. The 5/2} and
7/2F states of both *Ba and '“’Ce are dominated by
|/, = 2) configurations. In addition, owing to the similar-
ity in configurations of these two states for all four nuclei,
the calculated B(E2) values of transitions 5/27 — 3/27
and 7/21 — 3/27 listed in Table 3 are very close.

D. 23/2} states

The 23/2} isomer of "!Te is proposed to have a
three-quasineutron configuration obtained by coupling an
hy12 neutron hole to the 7~ core state [53]. According to
the NSM calculations, the dominant configuration is 69%
ngl, ®@vhii,ds), or 72% |J; = 0)®l|J, = 23/2) of the 23/2}
state for *!'Te, and it is 56% |J, =0)®|J, =23/2) with
29% |J, =2)y®|J, =23/2) mixing for '¥*Xe [54]. Refer-
ence [11] also indicates that the 23/2} states contain
81%, 60%, and 44% vhi},d;), configurations or 72%,
54%, and 43% |J,=0)®|J, =23/2) configurations for
BITe, 13Xe, and ¥ Ba, respectively.

1.0 =@ neutron excitation for 5/2]| -]
8= =2 for 5/2]

=4\ neutron excitation for 712

= 08 =¥ J_ =2 for7/2 b
g
g
S 0.6 | E
2]
&
=
2 04 :
o
02 .
00 1 1 1 1 1 1 1
131 132 133 134 135 136 137 138
A
Fig. 5. (color online) Overlap squared between the neutron

excitation and |J, =2) configurations with the wave functions
of the 5/2} and 7/2} states versus the mass number 4. The red
circles (blue triangles) represent neutron excitation configura-
tions for the 5/27 (7/2]) states, whereas the black squares
(green stars) represent |/, =2) configurations for the 5/2}
(7/27) states.

The wave function of the 23/2} state for *!Te calcu-
lated using the NPA is

|23/27) =IS ;) ®[0.93\T, ®vhy| ) —0.92II; @ vhi|),)
-0.92l AN @vd; )]+, (24)

which is dominated by the neutron excitation configura-
tion. Because neutron collective pairs with negative par-
ity are primarily composed of vhy|,ds),, the vhij,ds),
configuration plays an important role in the 23/2} state,
as presented in Fig. 4, which agrees closely with Refs. [3,
11, 53, 54].

The overlap squared between configurations |J, = 0)
and |J, =2) with the wave functions of the 23/27 state
versus the mass number 4 is plotted in Fig. 6, denoted by
red circles and black squares, respectively. The |J, = 0)
(]J: =2)) configuration decreases (increases) with 4. The
NPA calculations provide 87%, 67%, and 54%
|J: = 0)®|J, = 23/2) configurations for *'Te, '3Xe, and
135Ba, respectively, which are close to the results in Refs.
[11, 54].

E. Negative parity states

For the 11/27 and 15/2; states (21/27 and 23/27
states) of 1¥!Te and '3Xe, the NSM calculations indicate
that the dominant proton configurations are |J, =0)
(|Jx = 6)), whereas for the 19/27 states, the dominant con-
figurations are |J, =4) and |J,=6) [11, 54]. For 'Ce,
Ref. [55] suggests that the 11/2;] isomeric state is based
on the A, neutron hole coupled to the even—even nucle-
ar core, and the 15/27 (19/27) state may be assigned the
vhil, ®2% (vhi!, ®4") multiplet.

The wave functions of the 11/2] state for '*'Te, ¥Xe,
135Ba, and '*’Ce in this paper are

T T T T T T T
10 b , .
——J =0
0.8 F —E—J”: AR
k=]
[0
5
o 0.6 E
w1
g
=
Q 04t :
°
02 F .
0.0 1 1 1 1 1 1 1
131 132 133 134 135 136 137 138
A
Fig. 6. (color online) Overlap squared between the configur-

ations |J, =0) (red circles) and |J, =2) (black squares) with
the wave functions of the 23/2} state versus the mass number
A.
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[11/27) =0.93IS ) @IS @ VAT )+,

[11/27) = 0.98(S )M ®|S ¥ @vhy p) +++-,

[11/27) = 084)(S ) 1S @ vy )+

[11/27) =0.93[(S )M @ISy @vhy| p) ++ -+, 25)

respectively, which are all dominated by the neutron ex-
citation configuration. The dominant components of |S}®
vhil,) configuration are vhii, and vhil,ds7%; thus, the
NPA calculations assign the vh;;, configuration percent-
ages as 55%, 53%, 41%, and 30%, and the vhi{,d;}, con-
figuration percentages as 38%, 36%, 48%, and 61% of
the 11/27 state for *'Te, *3Xe, '**Ba, and '*’Ce, respect-
ively.

In our NPA calculations, the wave functions of
13/27 ~23/2; and 27/2; states for *!Te are

113/27) =0.741S ) ® D} @ vhi} )
+0.52ID})®IS T @ vhi| ;) + -+,

115/27) =0.82IS 1) ®|D; @ vhi} )
+0.591S Yl @vdy ) +---

117/27) =—0.91|G}) ® S} @ Vvhi| )
+0.571G;)y @ | A @ vhy| ) + -+,

119/27) =—0.88|G;)®IS | ®@vhi ,)
+0.58|G)y @AY @Vhy| p) + -+,

21/27) =0.791I7) ® 1S} ®vhy!,,) +0.51|G; ) ® D] @ vy )))
—0.501) AP @viy| )+,

123/27) ==0.73|})®|S} ®vhi|),) — 0.61|G;) ® D @ vhi| )
+0.49 1) ® AL @ VA )+,

127/27) =0.961S 1) ® | A @ vhi )
—0.961S 1Y ®IAY @Vvhi| p) +-+-, (26)

(G:®S: @vhi! L |HIG: ® St ®@vhil,) ~ —1.583 MeV,

respectively, and 13/27, 15/27, and 27/2; states are dom-
inated by the neutron excitation. In addition, all these
states exhibit a significant component of iy ,.

The overlap squared between the neutron excitation
and |J, = 2) configurations with the wave functions of the
13/27 and 15/27 states are plotted in Fig. 7 versus the
mass number 4. The red circles (blue triangles) and black
squares (green stars) correspond to the neutron excitation
configuration and |/, =2) components for the 13/27
(15/27) state, respectively. Both the 13/27 and 15/27
states of '*'Te are dominated by the neutron excitations,
whereas those for '**Ba and '*’Ce are dominated by the
configuration |/, = 2).

Similar overlap squared between configurations
|/, =4) and |J, = 2) with the wave functions of the 17/27
and 19/27 states are presented in Fig. 8, and those
between configurations |/, = 6) and the wave functions of
the 21/27 and 23/2; states are presented in Fig. 9. The
dominant component is |J, =4) for 17/27 and 19/2;
states of ¥1Te and '¥*Xe, |J, =2) for 17/27 states of **Ba
and "Ce, and |/, = 6) of 21/2] and 23/2; states of ! Te,
133Xe, 13Ba, and '¥"Ce.

Energies of the Hamiltonian H, and H, in single-j
shells for an odd system with only one pair can be analyt-
ically obtained using the simplified Egs. (30), (33), and
(34) given in Appendix A. Thus, similar to Ref. [27], the
configuration pictures of the 17/27, 19/27, 21/2;, and
23/27 states for '*'Te can be understood from a simple
perspective of single-j shells (protons in the g7,
orbit and neutron holes in the Ay, orbit). For valence
protons, we consider the S} and G} (I}) pairs in the
17/27 and 19/27 (21/27 and 23/27) states, whereas for
valence neutron holes, we consider S} ®vhj], for all
these four states, as well as A @vhy|, (AP ®@vhi|,) in
the 17/27 and 19/27 (21/2;7 and 23/27) states. The mat-
rix elements of Hp and Hy in single-j shells (and H, in
many-j shells) are presented in Table 5.

According to Table 5, we have

27

<S; ® (ﬂ$/4) ®Vh;11/2)jvzl7/2|H|S; ® (ﬂ(j) ®Vh1_11/2)JV:]7/2> ~—1.074 MeV,
<S; ® (ﬂg“) ® Vl’ll_]l/z)JV:|9/2|H|S; ® (ﬂ$,4) ® Vl’l]_ll/z)Jvzlg/2> =~ —0931 MeV

for the 17/27 and 19/27 states, and

(X @St @vhil oJHIIF @ ST @Ayl ,) ~ 1,599 MeV,
<S; ® (\7[5/6) ®Vh;11/2)JV:21/2|H|S; ® (ﬂ(vw ®Vh1_11/2)1v:21/2> =~ —0757 MCV, (28)
<S; ® (ﬂfﬁ) ® Vl’ll_ll/z)Jvzzjg/lelS; ® (ﬂf@ ® Vhl_ll/2)1v223/2> ~ —0.710 MeV
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1.0 =@ neutron excitation for 13:2;|
8= =2 for 13/2;
=dA neutron excitation for 15°2;
08 =¥ J,=2for15/2; b
B A
g
o' 0.6 F E
2]
&
=
2 04 :
)
02 F ]
00 1 1 1 1 1 1 1
131 132 133 134 135 136 137 138
A
Fig. 7. (color online) Overlap squared between the neutron

excitation and |J, =2) configurations with the wave functions
of the 13/2] and 15/2] states versus the mass number 4. The
red circles and black squares correspond to the neutron excita-
tion configuration and |J, = 2) components for the 13/2] state,
respectively. The blue triangles and green stars correspond to
the neutron excitation configuration and |/, =2) components
for the 15/2] state, respectively.

Lo —©—J, =4 for 17/2;|
—8—J_ =2 for17/2;
08 - - A J_ =4 for 19/2;|
]
g - %= J, =2 for 19/2;
& 06f .
w1
g
—
2 04t -
=]
02 -
00 1 1 1 1 1 1 1
131 132 133 134 135 136 137 138
A
Fig. 8.  (color online) Overlap squared between configura-

tions |J; =4) and |J, =2) with the wave functions of the 17/2]
and 19/27 states versus the mass number 4. The red circles
and black squares correspond to configurations |J; =4) and
|[Jx =2) for the 17/27 state. The blue triangles and green stars
correspond to configurations |J; = 4) and |J, =2) for the 19/2]
state.

for the 21/27 and 23/2; states. The energies of neutron
excitation configurations are much larger than those of
G:®S;®vhil, and I} ®S}®vhi{,. Thus, the 17/2] and
19/27 (21/2; and 23/2;) states of '*'Te are dominated by
configuration G} ®S}®vhi], (I;®S;®vhy|,), which is
consistent with Eq. (26). This indicates that the 17/2] and
19/27 (21/27 and 23/27) states of *!Te can be described
as consisting of the 47 (67) states of **Te, which is sug-

T T T T T T T
Lok —©—J_= 6 for 21/2; -
—B8—J_=6 for 23/2;
0.8 | E
k=]
=
s
o 0.6 E
wv
g
Yt
L 04t :
©
02 -
0.0 1 1 1 1 1 1 1
131 132 133 134 135 136 137 138
A
Fig. 9. (color online) Overlap squared between configura-

tions |/, = 6) and the wave functions of the 21/2] and 23/2]
states versus the mass number A. The red circles and black
squares correspond to configurations |J, = 6) for the 21/2; and
23/27 states, respectively.

gested to be dominated by proton excitations G} ®S;
(I ®S}) in Ref. [27], coupled with a neutron hole occu-
pies the 4y, orbit.

IV. SUMMARY

In this paper, we study the low-lying states of five
odd-4 nuclei with neutron number N =79, ie., '®Sn,
BlTe, 133Xe, 1**Ba, and '¥’Ce, within NPA. Low-lying en-
ergy spectra for these nuclei with both positive and negat-
ive parities, as well as B(E2) transition rates and g factors
of these low-lying states, are calculated. Most of them
agree closely with experimental data. Some of the un-
known B(E2) and g factors are predicted based on the
NPA wave functions obtained in this paper.

The wave functions of some low-lying states of these
nuclei are discussed in detail, and the NPA calculations
show that many of these states have a simple structure in
the nucleon-pair basis. The neutron part of the 1/2} states
of these five nuclei is dominated by the configuration
IS} ®vsi),). The dominant components of the 5/2f and
7/2% states for 'Sn and '*!Te are the neutron excitation
configuration |D] ®vdy),), whereas that for '“Ba and
37Ce is |J, = 2). The 23/2} state is primarily composed
of vhii,ds}, coupled with |J, =0) for '*Sn, "'Te, and
133Xe. For the negative parity 11/27 states of these five
nuclei, the dominant neutron configuration is
IS} ®vhil,). The 13/27, 15/27, and 27/27 states of *'Te
are dominated by the neutron excitation, and the config-
urations of the 17/27, 19/27, 21/27, and 23/27 states for
31Te are analyzed in single-/ shells.

In combination with the previous NPA calculations of
even-even N = 80 isotones [27], we show that the NPA is
an efficient and convenient method for studying the struc-
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Table 5.

Matrix elements (in MeV) of Hy, Vo, Va, Vi, and V, for a few configurations of '3!Te with the phenomenological NSM

Hamiltonian. The matrix elements of single-particle energies Hy are calculated in many-j shells. The results of Vy, V», V4, and Vy are
for single-j shells with valence protons in the g7/, orbit and valence neutron holes in the i/, orbit; these matrix elements are derived
analytically using Egs. (30), (33), and (34) in Appendix A. Both Vjy and Vj, equal zero in these configurations with such single-j

shells and are not listed here.

131 Hy Vo -V, —Vy Vo
Stevhy, 0422 % 0 0 %
A@We vhi] 12)0=17/2 0.109 0 <0.001 % 11061209;1
(A ©vhy! 5) =192 0.089 0 <0.001 3100739%, %
(A ©Vvhy! y)s=21/2 0.170 0 <0.001 <0.001 12955%
(A @VhT! 1)) 1=232 0.097 0 <0001 <0001 1‘9)33”

Sy 0.925 % 0 0 %

G} 0.199 0 0 ITS; %

I 0.003 0 0 0 %

ture for nuclei with A ~ 130. The simple structure of the
low-lying states within the nucleon-pair basis appears in
both even-even and odd-4 nuclei. Therefore, an interest-
ing aspect to explore is whether a similar phenomenon
exists in odd-odd nuclei, and this can be discussed in the
future.

APPENDIX A: OVERLAPS AND MATRIX
ELEMENTS OF THE HAMILTONIAN FOR ONE
PAIR IN ODD SYSTEMS
In this Appendix, we present the expressions of the

overlaps and matrix elements of P¥T.P® and Q©.QW
for odd systems based on Ref. [30].

A.1. Overlaps

According to Eq. (6.2) in Ref. [30], the overlap for
one pair in an odd system is

(Gosisdiljor: 1) =2684,1,6;05 > y(abs)y(abr)

ab

. v noJjo J
+4715 Z)’(J JorDy(J ]031){ ,0 }, (A1)

; St Jo 1

where 7= V2r+1, and "{ }" denotes the 6j symbol. For
nucleons in a single-j shell, Eq. (29) can be further sim-
plified to

GsudiljrisJi) =264,y is)y

st N

A A .. .. rnoj o J
+4% 51 y(jjr)y(js) . (A2)

A.2. Matrix elements of P®7. p®

According to Eq. (6.5) in Ref. [30], the matrix ele-

ments of POT. P for one pair in an odd system is

Gors TPDT - PO josis 1) = 60866, (oss Jiljosis Ji)

>| w

+43 (=17 e+ DUt 153 7 1y br)ye(b o)

tj'b

r
Xq
Jo

~

s t . .
., G ssJiljosis Jh)s
j b

(A3)
where U(abcd;ef) is a unitary Racha coefficient,
2
do="%D_yabsyyo(abs), (A4)
ab

and yo(abs) is the pair structure coefficient of P®T. For
nucleons in a single-j shell, Eq. (31) can be further sim-
plified to
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Gris PO PO sy J1) = 2y(jjs)yo(jjs)Sen (Giss Jiljst; Ji)

+4) (=) = Qi+ DUGHhs: ry(ir)y(is)
t
r s
X . .
J J

where (js;J1|js1;J1) is given by Eq. (30) with r; replaced
by s and y(jjr;) replaced by yo(jjs).

t
} s Diljsis ),
J

(A5)

A.3. Matrix elements of Q- Q"

According to Eq. (6.4) in Ref. [30], the matrix ele-
ments of Q- Q¥ for one pair in an odd system is

. . r—ri— ?/ -/
CGori QP - Q¥ josi3J1) = Z(—l) o
l

JI|]0517J1>+22, CI(J

_22

t)2<j6rl§J| [josi3J1)

U(mhrl,] rq(j jonJ () Jiljosi: i),
(A6)
where (r,)g =B (r)) is defined as

B"(r) =[[A", 0“1, 0] = 5(abr)A™ (ab),

ab

Jabry) =z(abry) = (=1)""*"Z(abr),

Zabry) =27,/ Q21+ 1) Z y(dd r)q(d br)
dd’

i t r,; i t I",;
dat s A7
wanls o W

and (r}) = A is defined as

A =A%, 0% = "y (dar) A (da),

ad

Y (dar) =z(dar}) — (~1)**"iz(adr),

2(dar) ”kuY(abkrk)fI(bkdf){ ; l:k} (A8)

br k

with k = 1. For nucleons in a single-j shell with 7 =2, Eq.
(34) can be further simplified to

. . r-r ;}/ ; :
G QP - QP jsis iy = (=) 2 jr)ms Jiljsis 1)
r

;
gl

Grishljsi

+
2j+1
—2V5) ?—‘},U(szlrl;Jn>q<uz)<f<rl);fl|fsl;m,
’ 1
(A9)
where (jr;J1ljs1;J1) 1s given by Eq. (30), and
<j(r1)B;J1|jsl;J1>=26s1r1y(jjsl))_)(jjrl)
o a e s d
+ 48 85 jryGis) i ,
rnoj 4
G Diljsishy = 26, y(ijs)y (i)

Noa Tt .. N Jj
+47 81y (erl)y(usl){ , J } (A10)

rnoJ 4

with

N2
2 r
JoJ

A ~ .. . r 2 r/
Y (jr) = 2 V5ry(jjr)q(ii2) { S } :
oo

’ .. ., r
¥(jjr) = 2087, y(jrD)lg(j )T { :
j

(All)
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