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In this paper we study low-lying states of even-even N = 80 isotones including '*°Sn, *?Te, **Xe, '*Ba,
and '33Ce, within the nucleon-pair approximation of the shell model. We calculate low-lying energy levels of
these nuclei with both positive and negative parities. The wave functions of yrast 2{ —10; states and 17 —117
states of these nuclei are analyzed in detail. Our calculations show that most of these states have a very simple
structure in nucleon-pair basis: the 2 states of '**Te, '*Xe, '**Ba, and '**Ce are dominated by one D* neutron
pair and spin J = 2 proton excitation; the 4] and 6] states of 12Te and '**Xe are dominated by the proton
excitation, while the 8/ and 107 states are dominated by S* pairs of protons and one spin-eight and spin-ten pair
of valence neutron holes (i.e., seniority-two excitations); for negative-parity states, the lowest states with spin
four to seven of 'Te, '**Xe, '*°Ba, and '**Ce are essentially given by S* pairs of protons and one broken pair
with spin four to seven consists of &, ,,d3,, valence neutron holes. The necessity of / = 10 pairing interaction in
the phenomenological monopole plus quadrupole shell-model Hamiltonian for N = 80 isotones is demonstrated
with analytical formulas for simple nucleon-pair configurations, and the pattern of g factors is discussed based on
simple arguments. Our calculated B(E2) transition rates and g factors of the low-lying states are well consistent

with the experimental data.
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I. INTRODUCTION

Study of low-lying states in atomic nuclei based on the nu-
clear shell model (SM) [1-4] is one of the important subjects
in nuclear structure theory. In recent decades, the structure of
even-even nuclei with the mass number A & 130 has attracted
much attention, and many efforts have been made on the study
of low-lying states of nuclei in this region [5-22], within the
nucleon-pair approximation of the shell model (NPA) [23,24].
These studies focus on the back-bending phenomenon of yrast
states at spin around 8-10, the yrast 10" isomers, and the y
instability in low-lying states.

The NPA with only S and D pairs (spin equals O and 2)
for nuclei in the A & 130 region is able to describe the ground
states and the yrast 27, 47 states. For higher states, such as the
yrast 61, 8%, and 107 states, calculated energy levels in terms
of only SD nucleon pairs deviate from the experimental data,
and pairs with higher spin should be considered [12,15-18].
Since the yrast 10" isomers have been reported in even-Z
isotones with N = 80, from °Sn up to e Er [25-32], the
neutron (hy, /2)‘2 configuration is suggested to represent these
isomeric states. In Ref. [9], most low-lying negative parity
states of a few even-even nuclei in this region are interpreted
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in terms of the NPA by considering SD pairs and collective
neutron pairs with negative parity and spin 3 and 8.

This paper aims at studying the low-lying states of a few
even-even nuclei with neutron number N = 80, i.e., '*°Sn,
132Te, 134Xe, 13%Ba, and '33Ce within the NPA. We consider
the 50-82 major shell with five single-particle orbits including
0g7/2, 1ds/2, 1d3/2, 25172, and Ohyyo. Besides S and D pairs,
we consider all the above nucleon pairs, i.e., pairs with
higher spin, neutron (f;; /2)_2 configuration, and a number
of nucleon pairs with negative parity as building blocks of
the configuration space, in order to study the low-lying states
with both positive parity and negative parity for nuclei in
this region. In this paper we show that wave functions of
most yrast states for these nuclei are very simple in terms of
nucleon-pair basis states. The regular patterns of B(E2) values
and g factors are studied in terms of nucleon-pair basis states.

This paper is organized as follows. In Sec. II, we briefly
introduce the formulation of the NPA [23,24,33], includ-
ing the nucleon-pair basis states, the phenomenological SM
Hamiltonian, and operators in this approach. The calculated
results and discussions are given in Sec. III, and Sec. IV is
the summary. In Appendix A we present analytical results of
quadrupole operator, which are used in our discussions. In
Appendix B we present analytical matrix elements of two-
body interaction operators for one or two nucleon-pair basis
states.

©2020 American Physical Society
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TABLE I. Single-particle energies (in MeV) of valence protons
and single-hole energies (in MeV) of valence neutron holes, based
on yrast state energies of '>Sb and !*!Sn [44-46], respectively.

Pty 1/2+ 3/2+ 5/2+ 7/2+ 11/2-
€im 2.990 2.690 0.963 0.000 2.760
€ 0.332 0.000 1.655 2.434 0.242

II. FRAMEWORK OF THE NPA

In this section, we give a brief introduction to the nucleon-
pair approximation of the shell model (NPA). This method
was developed by Chen [23], and was generalized to systems
with both even and odd number of nucleons [24], isospin
symmetry [34], and particle-hole configurations [35]. We note
that in recent years calculations of nucleon-pair truncated
shell model with isospin symmetry were performed by Qi
et al. [36,37] and Isacker et al. [38,39], and that generalized
seniority approach was studied by Jia [40,41] and Caprio
[42,43]. For a recent review, see Ref. [33].

A. Hamiltonian

The Hamiltonian in this paper is defined as
H = Hy + Hp + Hp. (1)

The first term on the right-hand side of Eq. (1) corresponds to
the spherical single-particle (-hole) energy, i.e.,

HO = Z eaacggcaa . (2)
ao

Here, C]_ is a creation operator and C,, is an annihilation
operator. @ = (nl jm) denotes all required quantum numbers
of anucleus, and o = 7 or v corresponds to the degree of free-
dom of protons or neutrons. In this paper, the single-particle
energies of valence protons, €; i are taken from energies of
the lowest state with spin j in '3*Sb, which has one valence
proton outside the core nucleus, '*Sn. Single-hole energies
of valence neutron holes, €;,, are taken from energies of the
lowest state with spin j in '*!Sn, which has one valence
neutron hole relative to '32Sn. These single-particle (-hole)
energies, taken from Refs. [44-46], are tabulated in Table I of
this paper.

The second term in Eq. (1), Hp, corresponds to residual
interactions between the like valence particles, and in this
paper we take

Hp =Vo + V2 + V4 + Vio. 3
The definitions of V;, V5, V4, and V) are as follows.
Vo = G(O)'])(O)T . 75(0) + G(O)'p(O)T . 'ﬁ(o) 4)

is the monopole pairing interaction, with

PO = Z Jo ot xchH©,

2

P = =3 2 x Cu ),

where J, = /2j, + 1;
Vo= GOPOT. PO L GOPOT PO (s

is the quadrupole pairing interaction, with

Pén =Y qlasbet)(C], x Ci ).
Ay by
Pl == qlaghst)(Ca, x Gy} . 6)
ay by

wheret =2, M =0, £1, or 2,

Y AYA
sy — LUV ) -
A ”o

with ry being the oscillator parameter (12 = 1.0124'/3 fm?),
and the expression of g(abi) for a single-j shell is summa-
rized in Appendix A;
Vi = GHPWHT . 75(4)’ 8)
where P and P™ are defined in Eq. (6) with t = 4; and
0= GilO)P‘(JIO)T X 7’5510)’ (9)
where
PUOT = (€] x CH,

B = — (¢ x &),

with j correspondlng to the neutron £,y orbit.
The last term in Eq. (1) is

Ho =Vo+Vp,,. (10)
Here
Vo= k20 0¥ (11)

corresponds to the quadrupole-quadrupole interaction be-
tween the like valence nucleons, with the operator

0% =Y aab2)(C] x Gy, (12)
ab

where g(ab2) is given by Eq. (7). Vp,, in Eq. (10) corresponds
to the proton-neutron interaction, which is defined as

Vo,, = k0% - 0. (13)

The interaction parameters for '*°Sn, *>Te, '**Xe, '*°Ba,
and '38Ce are tabulated in Table II.

B. Configuration basis
We define a noncollective nucleon pair with spin r and
projection (,
Al (ab)" = (C] x P, (14)
where a and b are angular momenta of a single-particle orbit.
The time reversal of A}, (ab)' is

Al (ab) = —(Ca x G, (15)

with the convention C; im = (— 1)/—m Ci_m.
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TABLE II. Interaction parameters of '*°Sn, '#Te, '*Xe, **Ba, and **Ce. G, G, and G{!¥ are in units of MeV, G is in units of
MeV/r8, and other parameters are in units of MeV /rj. We adopt constant interaction parameters of G0, GO, G2, and G, and assume
smooth change of G2, G{'9, k@, k®, and « with valence proton number N;.

GO G2 G Guo @
—0.168 —0.019 — 0.0005N, —0.0002 0.050 4 0.035N,, —0.013 — 0.0035N,,
GO GO k@ P

—0.180 —0.027 —0.065 4 0.0035N, 0.050 + 0.005N,

A collective nucleon pair is defined as

AT =" y(abr)(C] x C)Y, (16)
ab

where y(abr) is the structure coefficient of the collective pair
A", with the symmetry

y(abr) = (=D y(bar). a7

There are many approaches to obtain y(abr), as introduced in
Ref. [33]. In this paper, the procedure to obtain y(abr) is same
as given in Ref. [47]. The time reversal of Al’j is

A == " y(abr)(Co x G (18)
ab

For a 2n identical-nucleon system, we couple n nucleon
pairs successively to construct a nucleon-pair basis state,

21, M) = Ayl (r;, J)|0)
= Ayt (riry - iy - J)10)

= [+ (A" x AP o APTIR10). (19)

Here 7 is the abbreviation, which represents all the necessary
intermediate quantum numbers. J; = ry, J, is the total angular
momentum of these 2n nucleons, and M, is the z component
of J,,. The time reversal of the operator A;;‘,j(ri, J;)is

A;;,x(ria Ji) = A{;}”(I‘]rz sty 1 Ja o Jy)
= [ A x AP s A (20)

In this paper S, D, F, G, H, I, and J represent a nucleon
pair with spin 0, 2, 3, 4, 5, 6, and 7, respectively (the symbol
J, which is used to label state spin is avoided here). For
proton degree of freedom, collective S*, D™, G*, I't, and
I't (the second spin-six) pairs are taken to construct the
proton nucleon-pair basis states, except for '**Ce for which
collective S*, DT proton pairs and up to one G proton pair,
one I proton pair and one I'* proton pair are considered due
to computational cost. Because the spin alignment of neutron
(hyy /2)‘2 contributes to the yrast 10" state and gives rise to
back bending [48,49], we construct the neutron configuration
space of 1305, 132Te, 134Xe, 136Ba, and 38Ce by collective
S*, §'* (the second spin-zero) and D" pairs together with
the noncollective (h11/2);; pairs (denoted by AY) with spin
J =2,4,6,8,10). To calculate the energy levels with nega-
tive parity, we also take collective F~,G~,H~,I~, and J~
pairs for neutrons into consideration; the proton pairs with
negative parity are not important in low-lying states of these
nuclei because the single-particle energy of the proton Ay,

orbit is large (2.760 MeV, see Table I). In this paper, the basis
states based on these pairs are normalized but nonorthogonal
to each other.

C. Electromagnetic-transition operators

The electromagnetic-transition operators in this paper are
defined as

T(E2) =Y e,r2Y7, Q21

3 > ~
TM1) =,/ = (@ioLo + 8:0S5). (22)

Here e, = e;, e, (in units of e) correspond to effective
charges (including bare charges) of valence protons and va-
lence neutron holes, respectively. g;, and g, (in unit of
uy/h) are orbital and spin gyromagnetic ratios of valence
nucleons, respectively. In this paper, we take e, = 1.79, ¢, =
—0.71, g1 = 1.00, g;, = 0.02, g;z = 5.586 x 0.7, and g, =
—3.826 x 0.7. Namely, we take the quenching factor for the
spin part of magnetic moment to be its conventional value, 0.7.
L, and S, in Eq. (22) are the total orbital angular momentum
operator and the total spin operator, and are defined as below,
respectively.

Ly = Q) =) qiabl)(C] x C,) ",
ab

S = 0% = qsab1)(C] x Cp)",
ab

where

[10+1), .]a b 1
abl) = (—)HPH2 - ah] ,
qi(abl) = (=1) 3 Lo

1 .| a b 1
gs(abl) = (—1)”““/2\/;31) .
2 7|12 12 1

Here “{ }” denotes the six-j symbol. The magnetic moment
of state W, is defined by

w= (V| Yim) p—y

4
o= ‘/TT(MI)’ (23)

and the g factor equals u/J, where J is the total angular
momentum.
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FIG. 1. Energy levels of '3°Sn. (a) is the experimental data [46],
and (b) is our calculated results by using the coefficients given in
Table II.

III. RESULTS AND DISCUSSIONS

In this section, we present our calculated results of 130,
132Te, 134Xe, '¥Ba, and '*®Ce. Our calculated energy levels
for these five nuclei are plotted in Fig. 1 and Fig. 2, and
are compared with the experimental database of Ref. [46]. It
is shown that the energy levels of most low-lying states are
well reproduced. For each nucleus, we present our calculated
B(E2) transition rates (in units of W.u.) and g factors (in
unit of py) for low-lying states, respectively, in Table III
and Table IV, and compare them with experimental data
[26,32,46,50-52]. One sees that our calculated B(E2) and
g-factor results reasonably agree with experimental data.

Below we first discuss low-lying states of '3’Sn, then go
on to discuss the 2] -10] states and negative parity 1;-117
states for '¥Te, 13*Xe, %Ba, and '*¥Ce, and finally discuss
the robustness of parameters of the Hamiltonian.

4 I-
12+ ] (5-6.7-)| 12= —i0—11
= =01 8+ _98+-
Sl BT, P
% (8+) ] f— 5+ e
s GBan = _(6) 8+ 3+ T4 6-
< 2 6 E :%) 6+ 4+ —3 E%
— - - e — 0+ -
gﬁ 4 2+
2 12 2+
m
132
of L o+ (a) “Te
EXP CAL
4 =0 o
10¢H) E —1 10+ =g: 3
3t — (1)+ - _ —7r )
S\ 8(+) [% é 5 8+ p ‘gr .
S | & T OB =E0| o —hi==s
S 2 — S=g e — =
> — 4+ — 0+
& o —
g 1t 2+ 2t
S 2+
136
of o= 0+ (c) ""Ba
EXP CAL

A. 'Sn nucleus

The 39Sn nucleus has only two valence neutron holes,
matrix elements of the Hamiltonian can be calculated analyt-
ically; as shown in the Appendix B, the Vj, V,, and V, terms
of the Hamiltonian contribute to states with spin 0, 2, and 4,
respectively, but not to states with other spins. For two valence
neutron holes in the 5082 major shell, the 8] and 10} states
are given by two valence neutron holes in the Ay, orbit.
According to Eq. (A3) and Eq. (B24), one sees that the matrix
element of Q® - Q@ equals % ~ 4.028 and % ~ 7.777
for J = 8§ and 10, respectively. Assuming a negative value of
«? and the Hamiltonian defined in Egs. (1), (3), and (10),
obviously the energy of the 8;’ state would be lower than that
of the 10 state on condition that one adopts a positive value

of G119 in the P17 . PUO) term.

B. 2% states

We first look at the configurations for the two lowest 2
states of '3>Te. In Ref. [53], the dominant components of
the 2 state were suggested to be 0.74|v=2,27) ® |72, 0%) +
0.67|v72,0%) ® |72, 2%); in Ref. [54], the dominant compo-
nents of the wave function for the ZT state are 0.62|v 2,21} ®
|72, 0%) +0.66]v72,0") ® |72, 27), and that of the 2] state
are —0.63]v72,27) ® |72,07) +0.58)v2,0") ® |JT%, 21,
In our calculation, the wave functions of the ZT and 2; states
are

2F) = 0.66|D} ® S)+0.74|S; @ D} )+ --- |
|25) = —0.74|D} ® 57 ) +0.66|S} ®@ DI )+ -,
(24)

respectively, which are in reasonable agreement with theoret-
ical results of Refs. [53,54].

According to the proton-neutron interacting boson model
[55], low-lying states of atomic nuclei are characterized by

i) =0
10+ ) 2--— 8- 2
3 ((8—+)) N =g 3
o Q) - | %7
> __/5¢ [SH—r6*
2 o _f(4+) = 6+ — H=(6' 7-
S % =% = ==y
< 4\ 4-
> —{n = 0+
84 Qr —2
2 It 2+ 2+
m
of 2= 0+ (b) **Xe
CAL
4 10+ —r =
8+ — 8+ —8-
3 T
§ At — 1+ 6
o 6+ :ffg—yf;
% 2 —\ar 5y
> 4t ——~0+
N —=2+
-
s 1 2+
m
o 2= 0+ (d) "*Ce
EXP CAL

FIG. 2. Energy levels of '22Te, '*Xe, *°Ba, and **Ce, presented in (a), (b), (c), and (d), respectively. The left-hand side in each panel
corresponds to experimental data [46], and the right-hand side corresponds to our NPA calculated results.
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TABLE IIl. B(E2) values (in units of W) of '3°Sn, 'Te, '3*Xe, '*Ba, and '*3Ce. Experimental data are taken from

Refs. [26,32,46,50,51].

'30Sn 132Te |34)(e 136Ba 138C6
Ji— Jy Expt. Cal. Expt. Cal. Expt. Cal. Expt. Cal. Expt. Cal.
2F = of 1.18 1.45 10(1) 9.02 15.3(11) 15.28 1912 19.75 21.2(14) 21.27
25— 0of - 0.003  0.5(1) 0.49 0.74(5) 0.49 0.78(19) 0.04 1.16(8) 1.07
25— 2f - 1.60 - 0.38 20(2) 8.08 15(4) 17.96 28(2) 25.36
47 — 2f - 0.45 — 8.32 11.6(8) 12.67 14(6) 24.14 - 28.19
6/ — 4} - 1.13 3.3(2) 3.41 - 7.94 0.574(25) 0.28 0.113(9) 0.078
8 — 6f - 0.70 - <0.001 - 0.015 - 6.72 - 8.55
107 — 8f 0.38(4) 0.26 1.05(3) 0.96 160(50)/0.64(1) 1.68 0.023(2) <0.001 0.011(3)  <0.001
50 =77 1.4(2)/1.16(7)  0.61 - 2.54 - 4.46 6.0(11) 5.35 290(8) 7.84

F spin. The states with maximum F spin are called the fully
symmetric states (FSSs), while the others with nonmaximum
F spin are called the mixed-symmetric states (MSSs). The
experimental data given in Ref. [54] suggest that the 2 state
of *2Te decays to the ground state with a weak E2 transition
and to the ZT state (FSS) with a strong M1 transition, and
in Ref. [16] the 2] state of '**Te at 1.665 MeV is predicted
to be the lowest MSS. The wave functions in Eq. (24) and
calculated B(E2) values in Table III exhibit a consistent
pattern.

We calculate the overlap squared between the neutron (or
proton) excitation configuration and the wave function of the
ZT states, and plot them versus the mass number A in Fig. 3.

Black squares correspond to the |D}) ® |(S+ Y2 1. =0)
configuration (namely neutron excitation), and red circles cor-
respond to the [S) ® |J, = 2) configuration (namely proton
excitation). Here the neutron excitation configuration means
that all protons are S pairs, and proton excitation configuration
means that the valence neutron hole pair in the 50-82 shell is
an S pair while the total spin of valence protons, J,, equals
two. One sees from Fig. 3 that these two excitation modes
are two dominant components in the wave function of the
2] state of '**Te, '**Xe, '*°Ba, and '**Ce, while the other
configurations are negligible.

In Fig. 4, we plot the B(E2;2{ — 0/) values and g factors
of the 2 states versus the mass number A. The experimental
data [32,46,50] and results of Refs. [17,18,56-58] are also
plotted for comparison. It is shown in Fig. 4(a) that the
B(E2; ZT — OT) values increase with the mass number A,

and our calculated results agree with the experimental data
very well. However, for the g,+ value of 138Ce given in
Fig. 4(b), neither our presented result nor the previous PTSM
calculation [17] well fit the experimental data, and this
deviation should be further investigated in the future.

C. 4{ and 6] states

The '*?Te nucleus has two valence neutron holes and two
valence protons with respect to the '*2Sn nucleus, thus one
easily conjectures that the 47 and 6] states of '**Te might be
understood based on the low-lying levels of '*°Sn and '**Te.
As the 41 and 6/ states of **Te (1.576 and 1.691 MeV) lie
much lower than those of *°Sn (1.996 and 2.257 MeV), the
41 and 6 states of the '**Te nucleus are usually assumed
to be seniority-two states of proton excitation dominantly
[59-61]; e.g., Ref. [59] suggested that [4]) = 0.97/0] (v)) ®
|47 (7)) and |6]) =0.97|0] (v)) ® |6] (7)), and Ref. [61]
suggested that the proton excitation configuration occupies
about 78% or 85% in the wave function of the 4;” state, and
about 82% or 87% of the 6;“ state. The configuration from
D pair of two valence neutron holes is small in the wave
functions of the 4] and 6] states.

In our NPA calculation, the wave functions of the 4T and
6/ states of '**Te in terms of nucleon pairs are

[47) = 0.86|SF @ G) + -+,

167) =0.97|Sf @ J, =6)+ -, (25)

TABLE IV. g factors (in units of zy) of *°Sn, 3Te, 3*Xe, 13Ba, and '3*Ce. Experimental data are taken from Ref. [46] except for

1398n taken from Ref. [52].

E 132 134506 1364 13800
J Expt. Cal. Expt. Cal. Expt. Cal. Expt. Cal. Expt. Cal.

2f - 0.006  0.28(15)/(+)0.46(5) 0.424  0.354(7)/0.56(10) 0.484  0.34(5) 0.532 0.26(8) 0.494
47 — —0.225 — 0.593  0.80(15) 0.638 — 0.619 — 0.718
6F — —0.225  0.7909) 0.682 — 0.662 — 0.679 — 0.888
8 - —0.225 - —0.221 - —0.210 - 0.636 - 0.688
107 — —0.225 — —0.221 — —0.216 — —-0.212  —0.176(10) —0.186
N —0.054 —0.053 - —0.047 — —0.037 — —0.028 — —0.015
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FIG. 3. The overlap squared between the neutron (or proton)
excitation configuration and the NPA wave function of the 2} states,
versus the mass number A. The black squares and the red circles
correspond to neutron excitation and proton excitation components,
respectively.

respectively. Clearly, the dominant components of our calcu-
lated 4] and 6] states are the proton excitation, with small
mixings of DT pair consisted of two neutron holes. This result
is consistent with the picture of Ref. [61], except that our
results suggest that the configuration of proton excitation is

251 (a) R :
20} j .
gy
S 15t _
+T~
N 10F - ® -EXP -
& —=—NPA
\Lr:]/ 5L - -A- SM2015| |
Qq ® SM2013
ok IBM ]
0'6 i T T T T T ]
04 1
§ 0.2F :
q%‘:) —=—NPA
sp 0.0F , Jiang T
*. —-&--PTSM
02t A * SM2013'| |
- -A- SM 2015

130 132 134 136 138
A

FIG. 4. B(E2;2] — 07) and g factors of the 2| states versus the
mass number A. The black squares, blue up triangles, gray hexagon,
orange down triangle, green diamonds, pink star, and cyan pentagon
correspond to our calculated results by using the NPA, results by the
SM 2015 [18], the SM 2013 [56], the IBM [57], the PTSM [17], the
SM 2013’ [58], and Jiang [11], respectively. Solid circles in red are
the experimental data taken from Refs. [32,46,50].

even more dominant for the 6] state. This is also the reason
why one must include the collective proton Gt and I pairs
as building blocks of the nucleon-pair basis states.

The proton excitation picture of the '*>Te nucleus can
be understood from a simple perspective of single-j shells
(protons in the g7/, orbit and neutron holes in the Ay, orbit).
This single-j assumption is supported by their single-particle
energies (see I): for protons the lowest single-particle orbit
is the g7,2, and the next single-particle orbit ds;, is higher
than the g7/, by 0.963 MeV; for valence neutron holes, there
are three single-particle orbits, 51,2, d3/2, and hy1/2, whose
energy is very low, and by using two neutron holes in these
three orbits (i.e., neglecting the two higher orbits, ds;» and
g7,2), the only possible way to construct nucleon-pair with
spin 4 and 6 is the configuration of (h;; /2)2. As shown in
Sec. II B, we denote these pairs by G, I+, AW, and A©),
respectively.

To proceed our discussion, for both valence protons and
valence neutrons, we consider the S* and G (A™) pairs in
the 47 state, the ST and I (A®) pairs in the 6] state. By
using Eqs. (B13) and (B24) in Appendix B, or alternatively
by using the coefficients of fractional parentage for a j =
7/2 orbit in Ref. [62], we analytically obtain energies of the
Hamiltonian Hp and Hy in single-j shells (and Hy in many-j
shells), and present them in Table V. Here for Hp and Hp,
we accordingly assume that the valence protons occupy the
87,2 orbit and the valence neutron holes occupy the £y, orbit.
According to Table V, for the 47 state,

(SF®GIIH|S! ® GF) ~ —0.883 MeV,
(AD @ ST|H|AY ® ST) ~ —0.488 MeV,  (26)

where we have suppressed the quantum numbers J;, J,,, and J
in nucleon-pair basis states without confusion. One sees that
the energy of | A% ® S*) is higher than that of S} ® GF)
by 0.395 MeV. Then it is understandable that the lowest 4™
state is dominated by |S;” ® G) configuration, i.e., the proton
excitation. Similarly, from Table V, for the 61 state,

(SFeLfIH|S; @ I7)~ —0.908 MeV,
(A9 @ 5T|H|A® ® 5T) ~ —0.283 MeV,  (27)

namely, the energy of |A® ® ST) is higher than that of
IST ® L) by 0.625 MeV. Thus 6] state is also expected to
be dominated by the proton excitation.

For the '**Xe nucleus, our calculated wave functions of the
41 and 6 states are,

145y =087|SF @ T, =4) + -+,

respectively (here the quantum numbers J, and J are sup-
pressed). Again, our calculated wave functions of these two
states are also dominated by the proton excitation. Below we
present an explanation of this picture in terms of single-j
shells, as above for the 4] and 6] states of '#*Te. By using
Egs. (B15) and (B25) in Appendix B, we obtain analytically
energies of the Hamiltonian in the nucleon-pair basis states
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TABLE V. Matrix elements (in MeV) of Hy, Vy, V2, and Vp, for a few simple nucleon-pair basis states with the phenomenological SM
Hamiltonian. Results on the left part correspond to '*2Te, and those on the right part correspond to **Xe. The matrix elements of single-particle
energies H are calculated in many-j shells. The results of Vy, V3, V4, and V; are for single-j shells, valence protons in the g7/, orbit and two
valence neutron holes in the £/, orbit; these matrix elements are derived analytically by using Eqs. (B13), (B15) and Eqgs. (B23), (B25) in
Appendix B. Both Vi and V,_, equal zero in these nucleon-pair basis states with such single-j shells, and are not included here. Here we
exemplify the user manual of this Table by the matrix element (S @ G |H|S} ® G} as follows. (S} @ G/ |H|S} ® GI) = (S}|Hy + Vo +

VolIS§) + (G [Ho + VIG) = 0.637 — 132 — 2L +0.039 — 222 ~ —0.883 MeV.
132Te Hy Vo -V, -V Vo BXe Hy Vo -V, -V Vo
126 91 126 2457
125 887 125 17607
St 0.637 0 0 St 0.638 0 0
819 635 819 3429
22007 968 2200 3872
A® 0.484 0 0 A® 0.484 0 0
371 10017
9687 193607
A® 0.484 0 0 0 A® 0.484 0 0 0
18 3509 27 363 2057
25 1680w 25 560 840
St 0.740 0 0 StS+ 1.647 0
3509 9 363 2057
5040w 25 560 1680
G} 0.039 0 0 0 S+GH 1.179 0
3509 9 363 2057
5040 25 560 1680
I 0.014 0 0 0 S*trt 1.171 0

with the same single-; shells as for 132Te and list the results
in Table V. Here we consider results for three basis states, i.e.,
|STST), |SHGH) and |STIT). According to Table V,

(A @ StsH|H|AY @ STST) ~ —0.335 MeV,
(ST ®SIGHH|S! ® STG}) ~ —0.591 MeV,
(AP @ STST|H|AY ® STSF) ~ —0.100 MeV,
(S @ STLFIHIS ® STLT) ~ —0.599 MeV.

We can see that the energy of |S;” ® SHG) is much lower
than that of |A® ® STST), and the energy of |S,” ® SFI )
is much lower than that of |A® ® SST). Therefore, one
expects that the 4, and 6/ states of '**Xe are dominated by
the proton excitation.

On the other hand, from single-j shell assumption one gets
degenerate states for [S} ® GF) and ST ® IF) of '¥*Te, and
for |S} ® SFGF) and |S} ® STIF) of '**Xe, as shown in
the matrix elements of Vy, V2, V4, and V. This degeneracy
is removed by configuration mixings of other single-particle
orbits. The mixings from the ds/, orbit play an important role
in collective G} and I} pairs, and this can be easily seen from
the matrix elements of (G |Hy|GY) and (I |Hy|L}), which
are sizably lower than (A®W|Hy|A®Y) and (A©|H,|A®). For
134Xe, the proton excitation configurations of the 47 state has
considerably large mixings of |SFG}) and |GjG;, Jr =4).
Our numerical results show that this leads to a relatively larger
energy splitting between the 4] and 6] states. Figures 2(a)
and 2(b) well represent both the quasidegeneracy of the 4,
and 6] states for 132Te, and the relatively larger splitting of
the 41 and 6 states for '**Xe.

The overlap squared of the proton excitation components,
namely, |S;") ® |J; = 4) for the 4 states and |S}) ® |/, = 6)
for the 6]L states, with our NPA corresponding wave functions,
versus the mass number A, are plotted in Fig. 5. The black

squares and the red circles correspond to the 4| and 6 states,
respectively. One sees that for all these nuclei the 6] states
are dominated by the proton excitation; on the other hand, the
4T states of these nuclei (in particular for '**Ba and '*%Ce)
are not well represented by proton excitations, and neutron
excitations become more and more important. That is partly
the reason why our calculated B(E?2; 6;“ — 4;’) is reasonably
large for 132Te and '3*Xe, and becomes sizably smaller for
136Ba and '*®Ce, as given in Table III.

We now discuss the g factors of the 4] and the 6/ states by
using the method given by Lawson [62], according to which

0.8

0.4

overlap squared

02F

0.0F

132 134 136 138
A

FIG. 5. The overlap squared between the proton (neutron) exci-
tation configuration and the NPA wave function, versus mass number
A. The solid squares and circles correspond to proton excitation, and
the open triangles and diamonds correspond to neutron excitation.
The black squares, red circles, blue triangles and green diamonds
correspond to |S) ® |J, = 4) for the 4] states, |S]) ® |J, = 6) for
the 65 states, |A®) ® |(57)""/?) for the 8/ states and |A!?”) ®
[(SH)™ /2 ) for the 107 states, respectively.
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the g factor of a state with configuration

[y x i ] (29)

can be written as

g= g () + &N+

1y S
- gu(J/)]XJﬂJL;
Here X ]J 5= W and valence protons and neu-

trons occupy the j and j' orbits, respectively. N, and J,
(o0 =m,v) are particle numbers and spins. J is the total
angular momentum and M is the z component of J. g, (or
gy) is the g factor for a single proton (or neutron) in the j
(or j') orbit. For a system with proton excitation, J, = 0, J =
Iz, ijﬂ 5= 1; for a system with neutron excitation, J, = 0,
J=1J, XJJN 5= —1. For protons in the g7/, orbit and neu-
trons in the Ay, orbit, g;(g7/2) = 0.857 uy and g, (hi12) =
—0.232 puy (taken from g factors of the lowest states with spin
jin 133Sb and ''Sn, respectively). From these results, we
have

sle ()

g= Y AUy, J,)(0.313 £0.545)
JJy

_)0.857uy  for proton excitation
~]1-0.232 uy for neutron excitation.
A(Jz,J,) is the amplitude of the configuration. Because the
41 and the 6] states of '¥*Te and '**Xe are dominated by
the proton excitation, g = 0.857 wy for both the 4] and 6,

states of '*?Te and '3*Xe. This value is quite close to the
experimental data (0.79 and 0.80 wy) in Table IV.

(30)

D. 8] and 10} states

In Ref. [61], the 8 and 10] states of '**Te were sug-
gested to be of neutron excitations. Numerical calculations in
Ref. [59] suggested that |8]) = 0.96|A® ® S*) and |10]) =
0.95| A1 @ STy — 0.24| AP ® DF). In the 50-82 major
shell, if one constructs a nucleon pair with spin 8 or 10 and
parity positive, the two valence nucleons (holes) must occupy
the Ay , orbit. According to Table I, the single-particle energy
of the Ay, P orbit for protons (2.760 MeV) is much higher than
that of neutrons (0.242 MeV). It is expected that the dominant
components of the 8 and 107 states in '**Te are of neutron
excitations. Our calculated wave functions of these two states
for '3 Te are

|87) = —0.98|AY ® 5T) - 0.10|AY ® D} )
—0.15[AP @Df )+ -+,
[107) = —0.96 | A'” ® S7) —0.25 A" @ D} )
—0.10|A®Y @ DF )+ - -, (3D
J
I17) =0.94|G, ® Gf) +-- -,
137) = —0.98/G; ®DI> +oee
|57) = —0.96|H, ®SF) +---,
177) = —0.96|T, ® STy + -+,
197) =0.98|F, ® D)+ -+,
1)

[117) = 0.83|7, ® J» =6) +

127

respectively, which are very close to the results of Ref. [59].
On the other hand, weak mixings of proton D pairs lead
to an enhancement of B(E2;10] — 8) values from '*’Sn
to '*?Te, as observed experimentally [26]. Our calculated
B(E2;10] — 8) values reproduced this tendency very well,
as shown in Table III.

In Fig. 5, we plot the overlap squared of the neutron
excitation components, namely, |A®) ® |(57)""/?) for the 8}

states and |A!?) ® |(SF )N”/ 2) for the 101r states, with the
NPA wave functions, versus the mass number A, denoted by
blue triangles and green diamonds, respectively. According to
Fig. 5, dominant components of the 10" states are the neutron
excitation for all these four nuclei. However, the ST states
are dominated by the neutron excitation only for '**Te and
134%e. and for *°Ba and '3¥Ce proton excitations becomes
dominant. This change is represented in Table III, where our
calculated B(E2;10] — 8]) values have a sudden decrease
from '3*Xe to '**Ba. This sudden change is given by the rapid
decrease of neutron excitation components in the 87 state of
the "**Ba nucleus, as shown in Fig. 5. Because the 10 state

of !3Ce is dominated by the neutron excitation, according to
Eq. (30),

g=—0.232 uy.

This is close to the corresponding experimental data
(—0.176 uy), as listed in Table IV. Our calculated g factors
of the 107 state for the other nuclei in Table IV are also close
to this value. On the other hand, our calculated g factors of
the 8] states in Table IV for **Ba and '**Ce (~0.64-0.69)
are far from this value; this is consistent with the feature of
their wave functions, which are not of neutron excitations, as
pointed out above.

E. Negative parity states

We first look at negative parity states of '**Te, plotted in
Fig. 2(a). For this nucleus, the 5] and 7] states have been
suggested to have two-neutron excitations [59-61,63,64],
ie., [1hi122d352,J,) (J =J, =5 and 7). This is consistent
with the experimentally observed tiny B(E1,7; — 6])~
10~ W.u. [65], if the 6;” state is dominant of the proton
excitation. According to Ref. [59], |57) =0.97|H, ® )
and |77) = 0.96|7, ® S}) — 0.22|7,” @ D). In Ref. [61],
the 7-—13~ states are suggested to be nucleon-pair basis
states of |7,” ® Jr) with J; = 0 - 6, where J, is one proton
pair with spin J;; for the 97 state the proton pair is mainly D*
and G*, and for the 117 state the proton pair is mainly G*
and I'". According to our calculation, the wave functions of
the lowest negative parity states are

) =—098|G; @ DY) + -+ ,

147) = —=0.95|G, ® S7) +---,

167) = —0.97|I, @ ST)+---,

187) =—0.97|7, D) +-- -,
[107) = 0.86|T, ® J, =6) +---,

(32)
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FIG. 6. The overlap squared between simple configurations of some J; states in Eq. (32) and the NPA wave function, versus the mass

number A. (a): |J; ® (S;)""/?) (J; denotes G, H; , I,

vty

and 7, for4,,5],6],and 7| states, respectively). (b): |7,") ® |J, = 2) configuration

for the 8, 9} states, and |7,”) ® |J, = 6) configuration for the 10}, 11 states.

The energy levels of the 5, 6], and 7| states are close to
degenerate, and our calculated results have well reproduced
these levels, as shown in Fig. 2(a). According to the above
NPA wave functions, the 4] —7; states are dominated by the
neutron excitation, with weak mixings of proton DT pairs.
Thus, these four states are the lowest negative parity states
of **Te. The dominant components of the 8, —11; states are
|7, @ DY) for 87 =97 and |7, ® L") for 107 —11, with
small mixings of proton G pairs. This is consistent with the
results given in Ref. [61]. For the 17 =3 states, the dominant
components are G~ pair for the neutron part, and G* (for 1}),
D pairs (for 2 and 37) for the proton part.

In Fig. 6, we plot the overlap squared versus the mass
number A of a few negative-parity states for these nuclei.
Figure 6(a) is the overlap squared between the neutron excita-
tion configuration of the 4, -7 states, i.e., |/, ® (SJJ{)N”/2>
(J, represents G—, H~, I—, and J~ pair of neutron holes,
respectively, for 4,7, 57, 6;, and 7 states) and corresponding
NPA wave function of these four nuclei. It is shown that the
47 =77 states of these four nuclei are all dominated by the
neutron excitation. In Fig. 6(b), we plot the overlap squared
between |J,” ® J; =2) (the total spin of protons is two)
configuration and the NPA wave function for the 87, 97 states,
and those between |7,” ® J, = 6) (the total spin of protons
is six) configuration and the NPA wavefunction for the 107,
117 states, respectively. The hollow black squares, red circles,
blue triangles, and pink stars correspond to the 8,, 97, 10,
and 117 states, respectively. One sees that the 8, and 97
states are all dominated by |J,” ® J; = 2) configuration for
these nuclei. On the other hand, |7,” ® J; = 6) configuration
in the 107 and 11 states is dominant only for the 132Te
nucleus.

F. Robustness of our calculated wave functions

In the above sections, we have constructed very simple
nucleon-pair wave functions for yrast states, it is then very
interesting and necessary to investigate the sensitivity of these
results to the parameters optimized in Table II of this paper,
in particular, the relative energies of valence proton pairs
and valence neutron-hole pairs are apparently decisive to the

dominant configurations of these states. Towards that goal, we
have examined the robustness of these wave functions with
respect to the modifications of the present parameters. Here,
in order to save the computing time, for '**Ba and '*8Ce
we have not considered the contribution from the I’ (the
second lowest spin-6) pair of proton, as it has been known
that the I'* pair would not play any essential roles in the yrast
states.

Our study of the above robustness is performed
by two numerical experiments. The first experiment is
done by adjusting one of two-body interaction parame-
ters with other parameters fixed. Here, Kj(f)(O), Kﬁz)(O),
G2(0), and G?(0) are used to label the parameters em-
ployed in Secs. Il A-E, whose values are given in Ta-
ble II. The ranges of our parameters are as follows.
€@ (0) — 0.005 < @ < kP (0) 4 0.005, €2 (0) — 0.005 <
k? < kP(0) 4+ 0.005, G (0)—0.002 < G? < GP(0) +
0.002, and G»(0) —0.002 < G? < G»(0) +0.002. The
parameters of monopole pairing interaction and proton-
neutron quadrupole-quadrupole interaction have been long
well refined and we do not make modifications in our nu-
merical experiments. This numerical experiment shows that
the only possible exception is the 8] states of 13*Ba and
138Ce, which are dominated by the neutron excitation, but
this artificial exception would not arise in reality, as it would
contradict with the very small value of B(E2, 10{ — 87): the
10] states of 136Ba and '*8Ce are mainly given by the neutron
excitation, and if the 81+ states were the neutron excitation, the
value of B(E2, 10] — 8) would be large.

Our second numerical experiment is done by adopting
the parameters k>, k¥, G?, and G? randomly with the
same ranges as in the above first numerical experiment. We
have performed several sets of random «®, «(», G2, and
G2, and adopt the same values for monopole pairing and
quadrupole-quadrupole force between valence protons and
valence neutron holes, for '¥Te, '**Xe, and '*°Ba, respec-
tively. This numerical experiment yields almost essentially the
same results as our conclusion discussed above. According
to our calculations, larger range of parameters may yield
large deviations between calculated results and experimental
values.
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IV. SUMMARY

In this paper, we study the low-lying states of five even-
even N = 80 isotones including '*°Sn, '3?Te, '**Xe, '*°Ba,
and '*Ce within the nucleon-pair approximation (NPA). The
low-lying energy spectra with both positive and negative
parities are calculated, and most of them agree with the
experimental data very well. P{!07 . P10 pairing interaction
is shown to be necessary in reproducing the yrast 10" state
by the analysis of *°Sn by using a phenomenological pairing
plus quadrupole Hamiltonian.

The wave functions of yrast 2] —10] states and 17 —117
states of these nuclei are analyzed in detail. Most of these
states have a very simple configuration in nucleon-pair ba-
sis. The 2} states of '#Te, **Xe, '*°Ba, and '*®Ce are
dominated by one D" neutron pair and J, = 2 proton ex-
citation. The 4] and 67 states of '**Te and '**Xe are well
reproduced, and all these states are dominated by the proton
excitation, while the 8/ and 10; states are dominated by S*
pairs of protons and one JP%Y = 8+ and 10* neutron pair,
i.e., seniority-two excitation. For the negative parity states,
the 47 7] states of 1327, 134Xe, 13%Ba, and '*8Ce are
dominated by S+ pairs of protons and one JP¥IY = 47~
neutron pair, and the dominant configuration of the 8, —97
states is |J,” ® J; = 2). The robustness of our parameters of
Hamiltonian is discussed with two numerical experiments.

We calculate B(E?2) transition rates and g factors of low-
lying states, which have a good agreement with experimental
data. The calculated g factors are discussed based on single-
Jj shells and Lawson’s method. Some of the unknown B(E?2)
values and g factors for low-lying states of these nuclei are
predicted based on the NPA wave functions obtained in this

paper.
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APPENDIX A: EXPRESSION OF g(jj\)
IN THE CASE OF SINGLE-j SHELL

In this Appendix, we give the expression of g(ab), which
is defined in Eq. (7) in the special case.
For nucleons in a single-; shell,

A

q(jjr) = —%R(jj?»)Y(jj?»), (A1)
where
o QlEA+DN
RGIMN==arron 27
. ik J A
Y(jja) = (—1y=1r e .
Jjr) = (=1) JE(—l/z 0 1/2>

Here “()” in the right-hand side of Y (jjA) denotes the 3;
symbol.
In the case of A = 2, Eq. (A1) can be written as

~

q(jj2) = —%R(jjm(jjz)

__izl+3(_1).,._1/2 (7 2
Var\-1/2 0 1/2

2 2
)H1/2(2j+1)(21+3) J 2
47 —1/2 0 1/2)

For the g7/, orbit, j = % and [ = 4, thus

(Zzz)_ﬁ 72 2 1)
N22°) = /m\ 12 0 12

11 /10 (A2)
2 V2in’
For the hy, orbit, j = % and [ = 5, thus
(11112)_ 39 (1172 2 11/2
N227) T A\ 12 0 12
13 |/ 105
= —,/—. (A3)
2V 1437
In the case of A = 4, Eq. (A1) can be written as
4Ui4) = —ZRUAY (j4)
_ @iy i,
4 4 NZY
J 4
X
—-1/2 0 1/2
— L1yt 27+ DHR2I+5)21+3)
8./
J 4
X .
—1/2 0 1/2
For the hy, orbit, j = 12—1 and [ = 5, thus
(11114)_ 585 (11/2 4 112
N227)"2m\ =12 0 122
= —195 ! (Ad)
N V 2867

Equations (A2), (A3), and (A4) are used in Sec. III and
Appendix B.

APPENDIX B: OVERLAPS AND MATRIX ELEMENTS OF
THE HAMILTONIAN FOR ONE AND TWO PAIRS

In this Appendix, we give expressions of the overlaps and
matrix elements of P . P® and Q® . O® for one and two
pairs, based on Ref. [24].
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1. Overlaps

The expressions of the overlap for one and two pairs
derived from Eq. (3.1) in Ref. [24] are the same as those given
in Ref. [23]. According to Eq. (A.1) in Ref. [23], the overlap
for one pair is

(s13J{Ir3 1) = 28,5, ) y(abr)y(abs).  (BI)
ab
|

For nucleons in a single-j shell, Eq. (B1) can be further
simplified to

(si:Ji1r1s 1) = 285, (G jro)y(jjs1). (B2)

According to Eq. (A.2) in Ref. [23], the overlap for two
pairs is

(s150; {3l riras 1) = 484, 4,86, [1 + (=1)" 2 2p, ] Z y(@'b'ry)y(d'b's))y(abrs)y(abs,)

aba'b/
d a s
— 1671725182 Y y(d'as))y(B'bs)y(@b'ry)y(abr){ b b s: 4. (B3)
aa'bb’
re rn Jh

where p, . is a permutation operator, which represents the exchange between ry and r,, and “{ }” denotes the 9j symbol. For

nucleons in a single-j shell, Eq. (B3) can be further simplified to

(s1s2: 13 r1ras ida) = 484, 185 [1+ (=12 p Ty (ijr)y(js)y(jr2)y(ijs2)
JoJ s
— 16/ 72815y js)y(Gjs2)y(Gjr)y(jjra)yj J  S2¢- (B4)
r r Jh

2. Matrix elements of P®)7 . P©®

According to Eq. (5.8) in Ref. [24], the matrix elements of P*)7 . P for an even system with 2n nucleons are

(s1---s ) - .J”I|P(-V)T PO gy d)

1

= 8‘/””/;1 E |:§§008rk,s<sl .o 'SH;J{ .. .J;l|r1 ce e Tk—1S8Tk41 " " 'rn;Jl .o Jn>

k=n

1 A
=Y X VT UGt Lard Qe )+ O )

i=k—1 fri/Li---Lk,]

XSy Syydy Tyl st sy Jis L L -+ ) | (B5)

where

M;(tr)) = U(ritdioi Lis 1), (B6)

Qi(t) = (=1l (Lo Loy, (BT)
with the convention

1, fork = n,
O0,() - Ory1(t) = {Qn(t)v fork=n-—1.

Here U (abdc;ef) = éfW(abdc; ef), where W(abdc;ef) is
Racha coefficient. ¢y in Eq. (BS) is defined as

2
90 =7 %jy(abs)ys(absx (B8)

where y;(abs) equals Sabfa /2 or g(abt) fors =0ort (t =2
or 4). In the last line of Eq. (BS), r; = Brit represents a new

(

collective pair, i.e.,

B ="y (ad'r)A" (ad). (BY)
where
y(ad'r]) = zad'r}) — (=1 Miz(dar).  (B10)
z(ad'rl) = 4f’,~f'k§f2ys(bb’s)y(abrk W(a'b'r;)
b/

e s t||n ot 7
1 S (BI1)

b a blla da b

When n = 1, Eq. (BS) for one pair can be simplified to

(s1: J{IPOT - POrs ) = 85, 5184, 5800 (513 1153 J1).
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Substituting Eqgs. (B1) and (B8) into the above formula, and the matrix element

2
(s3] PO PO ry 0y) = 485, 18y, [Z y(abs, )y.y(abs):| (B12)
ab

can be obtained. For nucleons in a single-j shell, Eq. (B12) can be further simplified to
/ s s .. .. 2
(13 TP PO i) = 485, 518, 5[y is0ys ()] (B13)

When n = 2, Eq. (BS) for two pairs can be simplified to

(s152; 15| PO PO rirys 1) = 8100 ) 818008, (51523 J1 T |sr25J1T) + k2| 3908y, 5 (51525 15 |r185J102)

— &1 Z(_])t—s—rz ;U(Jll‘.lzs;Llrg)Ml (tr’l) <s1sz;J{J§|r/ls; L1J2>
n

N’;Ll

Substituting Eqgs. (B6) and (B8) into the above formula, and the matrix element

(5152 I POT - POy i) = 8,04 201 4 (=1 2p, 18, Y y(abs)ys(abs)(si52: 013 ris; 1))
ab

= D (=D TR W (itdas; i) (sis2s T I ss v ) (B14)

7
try

can be obtained. The overlaps for two pairs in the above formula are given by Eq. (B3), with y(abr,) replaced by y,(abs), and
y(a'b'ry) in the second overlap replaced by y'(a’'b'r|), which is defined in Eq. (B10). For nucleons in a single-; shell, Eq. (B14)
can be further simplified to

(515251 T5 | PO POryrys J1 ) = Sn.ay4 201+ (=1t 18,y ir)ys (G is)sisa; i T ris; Jio)

= Y (=0 TR W (it hs; ir) sisa L s ) (B15)

tr)

Here the overlaps are given by Eq. (B4), with y(j jr») replaced by y,(j js), and y(j jr1) in the second overlap replaced by y'(j jr/),
where

EE FAAa A AR .. .. .. s t roton
y(jry) =1+ (=) 48 28ty (G js)y(GiradyGirDy . (1. . (-
JoJ oJy\JgoJj J

3. Matrix elements of Q) - Q©

According to Eq. (5.5) in Ref. [24], the matrix elements of Q) - O for an even system with 2x nucleons is

(s1--sp3dy IO - QOlry -1y -+ - )

1 "
/ T,
E § —r—t "k
— (_l)rk Tk tr7<sl"'Sn;J{"'J,,,|r1"'rk"k-H""'n?Jl"'Jn>
k

— /
k=n T

1 7
Tk / 7 /
+Z Z 22U k=1t Jiris L1 ri) Qie—1 (1) - - - Qi (1M (77)
P

i=k—1 I‘;r,/(L,'mL]{_]

R CTRERT T/ REEY AT REETOPIARRRYIRY PR Y SRRRY SURT/RERN S B (B16)
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Here r, = B™ (r}), which is defined as

B"(r)) = [A%, Q"1™ = [[A™, 01"V, 0]

=Y $(abr)A™ (ab), (B17)
ab
with
$(abry) = Z(abry) — (= 1)+ z(bary), (B18)
Z(abrk)=2?,’jk(2t+I)Zy(dd/rk)q(d’bt)q(dat){rk ' r’/‘Hr" ' r’/‘}. (B19)
< b d d|ld b a

In the last line of Eq. (B16), r; and r}, are defined as

At = (A, Q)0 =) Ty (dar) A" (da),

ad
where
y'(dar}) = z(dar}) — (—=1)****iz(adr}), (B20)
) et
z(dar)) = #it abr,)g(bdt . B21
(dar}) kijy( 04( ){d . b} (B21)

When n = 1, Eq. (B16) for one pair can be simplified to

’ r—ri— ’:\/ /
(110" - @Vl i) = 3 (=1 s I i)
1

/
at

A
=28, ) _(—1yi™" *frTl > $(abry)y(absy), (B22)
7 U ab
where j(abr)) is given by Eq. (B18). For nucleons in a single-; shell with ¢ = 2, Eq. (B22) can be further simplified to
(137102 - QP lris ) = 28, 3 (=1 (Gny(s), (B23)
- 1
il
with
.. o .. a7 2 r ’
y(jjr) =207 71y (ijrolg(jj2)] il (B24)

For j = 7/2 or 11/2, the value of ¢(jj2) is given in Eq. (A2) or Eq. (A3).
When n = 2, Eq. (B16) for two pairs can be simplified to

U r—ri— U ry—ry— ':\/ ’q!
(s152; 15100 - QD |ryras 1) = 8 Z(—l) T sy S s Jid) + Sk Z(—l) 2 trTZ(Slsz;J1fz|V1r2;J1fz>
- 2

/
at )

oY i

A

rh _
8 Y 22U rs Lir )My ary) (1503 J{ 3 rirb; Li)
2

riryLy
Substituting Eq. (B6) into the above formula, and the matrix element
U ri+r r—ri— ’:/ B
(152715100 - QO sl = [1+ (=12 +p, T =1yt "Hsisa (I )
; 1
r
+ ) 27 AW ity rir) sisa LIy v ) (B25)

/o
i
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can be obtained. Here overlaps for two pairs in the above
formula are given by Eq. (B3), with y(a’b'r;) in the first
overlap replaced by y(a’'b'ry), which is defined in Eq. (B18),
and y(a'b'r;) and y(abry) in the second overlap replaced
by y'(a’b'r}) and y'(abr}), which are defined in Eq. (B20),
respectively. For nucleons in a single-j shell with t = 2, the
overlaps are given by Eq. (B4), with y(jjr;) in the first overlap
replaced by y(jjry),i.e., Eq. (B24), and y(jjri) (k = 1 and 2)

in the second overlap replaced by y'(j jr;), where

y oo 2o
y’(JJrk)=2x/§rky(urk)q(112){j ; ;}~

For j =7/2 or 11/2, the value of ¢(jj2) is in Eq. (A2) or
Eq. (A3).
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