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Dominant T = 1 channel proton-neutron interaction responsible for level structures
of particle-hole nuclei around 100Sn

M. L. Liu, Y. H. Zhang, X. H. Zhou, J. J. He, X. G. Lei, Y. H. Qiang, L. He, and Z. G. Wang
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, People’s Republic of China
(Received 17 May 2011; revised manuscript received 6 September 2011; published 7 November 2011)

Near yrast positive-parity states of particle-hole nuclei around 100Sn have been studied and found mainly to be
the coupling of g9/2 valence-proton holes to the d5/2 and g7/2 valence-neutron particles. The much higher excitation
energy for a stretched coupled state involving νg7/2 rather than νd5/2 indicates that level structures of particle-hole
nuclei around 100Sn might be dominated by the T = 1 channel of proton-neutron residual interaction. The near
yrast states are compared with the results of shell model calculations in the model space of π (p1/2, g9/2)−1−−4

and ν(d5/2, s1/2, d3/2, g7/2, h11/2)1−3 by using the dominant T = 1 channel proton-neutron quadrupole interaction;
and the reasonable agreement with each other gives indirect proof of it being responsible for level structures of
particle-hole nuclei around 100Sn.
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I. INTRODUCTION

The study of level structures for nuclei near the proton
drip line is a challenge for experimental nuclear physicists.
Actually, much effort has been recently devoted to such
meaningful investigations as nuclei near the shell closures
at N = Z = 50 [1–10]. Relevant spectroscopic data could
improve knowledge of the realistic interaction in particle-hole
nuclei around the doubly magic self-conjugate 100Sn. It is
generally believed that the proton-neutron (p-n) interaction
plays an important role in the evolution of nuclear structure.
The quadrupole interaction is a main component of the p-n
residual interaction after extracting the monopole term, which
includes the isospin singlet T = 0 and triplet T = 1 channels.
Although the p-n interaction for nuclei around 100Sn has
been studied [11], a survey of the influence of the p-n
interaction, especially the isospin T = 0 and T = 1 channels,
on high-spin level structures of particle-hole nuclei around
100Sn is still missing. Particle-hole nuclei around 100Sn have
a few valence proton holes and neutron particles outside the
proton (Z = 50) and neutron (N = 50) shell closures. They
are expected to be spherical and can be interpreted in terms
of multinucleon shell model configurations. In this work,
we will examine which channel is dominated in the p-n
residual interaction and subsequently forms level structures
of particle-hole nuclei around 100Sn [1–10] by comparing the
experimental near yrast states to the corresponding shell model
calculated ones in the model space of π (p1/2, g9/2)−1–−4 and
ν(d5/2, s1/2, d3/2, g7/2, h11/2)1–3.

II. DOMINANT T = 1 CHANNEL p-n INTERACTION

The Fermi levels for particle-hole nuclei around 100Sn lie
at the πg−1

9/2 and νd5/2 orbitals. The νg7/2 comes very close
to the Fermi surface. A study of low-lying energy levels in
odd-odd nuclei in this region could provide useful information
on the nature of the residual interaction between πg−1

9/2 and
νd5/2 as well as νg7/2. Figure 1 exhibits the experimental
πg−1

9/2νd5/2 and πg−1
9/2νg7/2 multiplets for odd-odd nuclei

around 100Sn, where the Jmax − 1 or Jmax − 2 member is
favored in energy to form the ground state. The data are
taken from the Evaluated Nuclear Structure Data File [12].
As regards the two 2+ states in 98Ag, we refer to Refs. [11,12].
In addition, we tentatively use the 1290.6-keV level as 1+ state
in 98Ag [12].

The particle-hole interaction energy should be positive on
average and strongest with extreme spin coupling. Starting
from a general central interaction which acts on the spatial
symmetric (antisymmetric) p-n wave function, one would
expect that enhanced (counteracted) interaction energy arising
from the interplay of the configuration and its exchange
counterpart. This is really true for the δ interaction, which only
allows the spatial-symmetric wave function to give a nonzero
value. A state equally mixed by the spatial-symmetric and
spatial-antisymmetric components would therefore become
spatial-symmetric predominant after the action by the general
central interaction. The proton g9/2 hole is strongly repulsive
with the neutron d5/2 (g7/2) particle for the fully aligned
7+ (8+) state, where the 7+ state is the pure spin triplet
S = 1 according to the L-S coupling and the 8+ state is
the mixing of the spin triplet S = 1 and singlet S = 0.
If the 7+ and 8+ states are spatial-symmetric prominent,
the former should be governed by the T = 0 (S = 1)
component based on the overall antisymmetry under the
exchange of proton and neutron indices. The much higher
excitation energy for fully aligned 8+ state rather than
7+ state (see Fig. 1) implies that the p-n interaction for
nuclei around 100Sn should not be dominated by the T = 0
channel.

Figure 2 shows the pure T = 0 and T = 1 proton hole-
neutron particle interactions for configurations πg−1

9/2νd5/2 and

πg−1
9/2νg7/2 with quadrupole-quadrupole force χ2 = −400

A5/3 [13].
A parameter α is employed in the p-n interaction to set
the strength partition between the isospin T = 0 and T = 1
channels: χT =0

2 = 2α −400
A5/3 and χT =1

2 = 2(1 − α)−400
A5/3 . α = 1

(α = 0) represents the pure T = 0 (T = 1) proton hole-
neutron particle interaction. The T = 1 p-n interactions are
somewhat similar to those derived from CD-Bonn potential,
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FIG. 1. πg−1
9/2νd5/2 and πg−1

9/2νg7/2 multiplets for odd-odd nuclei
around 100Sn dominated by the T = 1 channel of p-n interaction. For
the purpose of comparison, we also give the complete πg9/2νd5/2

multiplet for 92Nb dominated by the T = 0 channel of the p-n
interaction.

which are in good agreement with the experimental observed
multiplet members [11]. It is shown in Fig. 2 that the maximum
spin 8+ state is well separated from two close 7+ states
mixed by πg−1

9/2νd5/2 and πg−1
9/2νg7/2 configurations when

the p-n interaction is dominated by the T = 1 channel, i.e.,
α < 0.5. This is consistent with the experimental results in
odd-odd nuclei in this region. As a comparison, however, the
7+ state is much lower in energy than the other members
of the πg9/2νd5/2 multiplet in 92Nb (see Fig. 1). Thus, the
p-n interaction in 92Nb might be dominated by the T = 0
channel.
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FIG. 3. Comparison of experimental and calculated energy levels
of 103,104Sn.

III. OUTLINE OF THE SHELL MODEL CALCULATIONS

Shell model calculations have been performed by us-
ing the code NUSHELLX [14]. The valence proton holes
and neutron particles are confined in the π (p1/2, g9/2) and
ν(d5/2, s1/2, d3/2, g7/2, h11/2) model space. By consulting the
single-particle energies in Ref. [11], we fixed their energies
in MeV as follows: επg−1

9/2
= 0.0, επp−1

1/2
= 0.7, ενd5/2 = 0.0,

ενs1/2 = 2.2, ενd3/2 = 2.3, ενh11/2 = 2.70 except for ενg7/2 =
0.172 MeV extracted from 101Sn [15].

The second step is then pursued for the proper like-nucleon
interactions. The Gloeckner-Serduke interaction is suitable
for the proton-proton channel [16]. The extended P + QQ

interaction is adopted for the neutron-neutron channel [17,18].
We decide force strengths of the extended P + QQ interaction
(in MeV): g0 = 20/A, g2 = 225/A5/3, χ2 = 250/A5/3, χ3 =
350/A6 [13] for single-closed-shell Sn isotopes. As shown in
Fig. 3, calculated level energies of 103Sn and 104Sn are in good
agreement with the experimental ones [19,20]. Note that the
calculated (experimental) excitation energies for 2+, 4+, and

FIG. 2. Pure T = 0 and T = 1 interaction energy between g9/2 proton hole and (d5/2, g7/2) neutron particle vs angular momentum and,
excitation energies of the 7+ and 8+ states as a function of the strength partition parameter α, where 200 keV is used for the νg7/2 excitation
energy.
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FIG. 4. Comparison of experimental and calculated positive-
parity energy levels of 101,102In.

6+ in 102Sn are located at 1313 (1472), 1983 (1969), and 1937
(2017) keV [21], respectively.

After that, we choose the dominating T = 1 channel
quadrupole-quadrupole force as the proton hole-neutron par-
ticle residual interaction. In a practical parameter search,
the quadrupole-quadrupole force with strength χT =1

2 = 2(1 −
α)−400

A5/3 (α < 0.5) [13] is set to optimally reproduce the
observed energy levels of particle-hole nuclei around 100Sn
as a whole. Here α = 0.2, 0.275, 0.35, and 0.425 is linearly
scaled for In, Cd, Ag, and Pd isotopes; in this case the
p-n interaction for 92Nb will be dominated by the T = 0
channel (see Fig. 1). When α is around 0.2 ∼ 0.425, the
calculation can better reproduce the two close 7+ states and
well-separated 7+-8+ spacing. The large overlap between the
spin-orbit-partner orbitals πg−1

9/2 and νg7/2 leads to strong p-n
repulsion on average. In order to scale the increase of the
νg7/2 single-particle excitation energy when the proton holes
gradually fill the g9/2 orbital from Z = 50 to Z = 40 [22],
we add two monopole corrections to the p-n interaction
�kT =1(πg−1

9/2, νg7/2) = �kT =0(πg−1
9/2, νg7/2) = 0.1 in MeV.

In Ref. [11], the realistic effective interaction derived from the
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FIG. 5. Comparison of experimental and calculated positive-
parity energy levels of 99−101Cd.
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FIG. 6. Comparison of experimental and calculated positive-
parity energy levels of 98−100Ag.

CD-Bonn NN potential for the fully aligned (πg−1
9/2νg7/2)8+

state lies at ∼ 1.8 MeV higher than that of the (πg−1
9/2νg7/2)7+

state. If a strong correction �kT =1(πg−1
9/2νg7/2)8+ = 1, 0.75,

0.5, and 0.25 MeV is set for In, Cd, Ag, and Pd isotopes, we
can improve the positions of the fully aligned states involving
νg7/2 greatly [in order to be consistent with α, we tentatively
use the linear scaling of �kT =1(πg−1

9/2νg7/2)8+ for simplicity].
The same set of parameters is employed for calculations for
the isotopes.

The comparisons between the experimental and theoret-
ical energy levels are shown in Figs. 4–8. Tables I, II,
III, and IV show the leading component of configurations
(p−1−−4)πJp(n1−3)πJn (π being the parity of proton and neutron
subsystems), its squared amplitudes, and expectation values
of proton numbers 〈na〉p and neutron numbers 〈na〉n in the
respective orbitals a. It can be seen from Figs. 4–8 that the
overall agreement is satisfactorily good for both the positive-
and negative-parity states.
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FIG. 7. Comparison of experimental and calculated positive-
parity energy levels of 97−99Pd.
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IV. LEVEL STRUCTURES OF PARTICLE-HOLE
NUCLEI AROUND 100Sn

A. Level structure of positive-parity states in 101−102In

It is expected that the levels in 101−102In [1,2] may be
associated with the πg−1

9/2ν(d5/2g7/2)2−3 configuration in terms
of the active high-j orbitals around the Fermi levels mentioned
above. The 13/2+ state in 101In is mainly constructed by the

ν(d2
5/2)2+ coupled to the πg−1

9/2. It can be seen from Table I that
the 17/2+ state in 101In is the coupling of the ν(d5/2g7/2)6+

rather than ν(d2
5/2)4+ excitation to the πg−1

9/2. This is due to
the defect that the extended P + QQ interaction gives an
inverse order of the 4+ and 6+ levels in 102Sn. The 19/2+
and 21/2+ states have the respective πg−1

9/2ν(d5/2g7/2)6+ and

πg−1
9/2ν(g2

7/2)6+ configurations. The large separation between
the 19/2+ and 21/2+ states is of course attributed to the strong
repulsion between the aligned πg−1

9/2 and νg7/2. It is worth

noting that if the correction �kT =1(πg−1
9/2νg7/2)8+ = 1 MeV is

not taken into account, the calculated 21/2+ with α = 0.2 lies
at only ∼ 350 keV above 19/2+.

When the pure T = 0 p-n quadrupole interaction is
adopted, the calculated second 7+, 9+, and 11+ states are
∼100 keV higher than the first 8+, 10+, and 12+ states in
102In, inconsistent with the experimental results indicated in
Fig. 4. These provide a supplement for the dominating T = 1
channel p-n interaction. In addition, the large level spacing
between the 12+

1 and 11+
2 states is very similar to the large

separation between the 21/2+ and 19/2+ states in 101In (see
Fig. 4); the corresponding intrinsic structures as a matter of
fact are somewhat alike (see Table I).

B. Level structure of positive-parity states in 99−101Cd

In the low-energy region of 99Cd [1], one may hope to
find single-neutron states, i.e., νd5/2 and νg7/2. A large pairing
energy gap comes following the single-neutron states. Thus,
the levels above 7/2+ should be the broken-pairing excitations

TABLE I. Structure of yrast and near yrast states in 101−102In. The leading component of configurations (p−1)πJp(n2−3)πJn and its squared
amplitude (in percent) are tabulated in the third and second columns, where the superscript π in (p−1)πJp(n2−3)πJn means the parity of the one
proton hole and 2–3 neutron subsystems. Expectation values of proton number 〈na〉 (neutron number 〈na〉) in two proton orbitals (in five
neutron orbitals) are tabulated in the fourth and fifth columns (in the sixth through tenth columns).

J π
i leading config. proton 〈na〉p neutron 〈na〉n

% (p−1)πJp(n2−3)πJn p−1
1/2 g−1

9/2 d5/2 s1/2 d3/2 g7/2 h11/2

9/2+ 83.32 (p−1)+9/2(n2)+0 0.0 1.0 1.1 0.1 0.1 0.7 0.0
13/2+ 76.43 (p−1)+9/2(n2)+2 0.0 1.0 1.5 0.0 0.0 0.4 0.0
17/2+ 97.54 (p−1)+9/2(n2)+6 0.0 1.0 1.0 0.0 0.0 1.0 0.0
19/2+ 87.24 (p−1)+9/2(n2)+6 0.0 1.0 1.0 0.0 0.0 1.0 0.0
21/2+ 100.0 (p−1)+9/2(n2)+6 0.0 1.0 0.2 0.0 0.0 1.8 0.0
6+ 49.15 (p−1)+9/2(n3)+7/2 0.0 1.0 1.7 0.1 0.1 1.1 0.0
7+

1 47.85 (p−1)+9/2(n3)+5/2 0.0 1.0 1.7 0.1 0.1 1.1 0.0
7+

2 45.18 (p−1)+9/2(n3)+7/2 0.0 1.0 1.7 0.1 0.1 1.1 0.0
8+ 48.92 (p−1)+9/2(n3)+7/2 0.0 1.0 1.5 0.1 0.1 1.3 0.0
9+

1 51.59 (p−1)+9/2(n3)+11/2 0.0 1.0 1.9 0.0 0.0 1.0 0.0
9+

2 31.40 (p−1)+9/2(n3)+13/2 0.0 1.0 1.8 0.0 0.0 1.1 0.0
10+

1 78.59 (p−1)+9/2(n3)+15/2 0.0 1.0 1.9 0.0 0.0 1.0 0.0
10+

2 61.56 (p−1)+9/2(n3)+17/2 0.0 1.0 1.1 0.0 0.0 1.9 0.0
11+

1 85.18 (p−1)+9/2(n3)+15/2 0.0 1.0 2.0 0.0 0.0 1.0 0.0
11+

2 72.89 (p−1)+9/2(n3)+17/2 0.0 1.0 2.0 0.0 0.0 1.0 0.0
12+

1 88.52 (p−1)+9/2(n3)+17/2 0.0 1.0 1.1 0.0 0.0 1.9 0.0
12+

2 94.02 (p−1)+9/2(n3)+15/2 0.0 1.0 1.0 0.0 0.0 2.0 0.0
13+ 100.0 (p−1)+9/2(n3)+17/2 0.0 1.0 1.0 0.0 0.0 2.0 0.0
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TABLE II. Structure of yrast and near yrast states in 99−101Cd, tabulated in the same manner as Table I.

J π
i leading config. proton 〈na〉p neutron 〈na〉n

% (p−2)πJp(n1−3)πJn p−1
1/2 g−1

9/2 d5/2 s1/2 d3/2 g7/2 h11/2

5/2+ 89.53 (p−2)+0 (n1)+5/2 0.1 1.9 1.0 0.0 0.0 0.0 0.0
7/2+ 84.59 (p−2)+0 (n1)+7/2 0.1 1.9 0.0 0.0 0.0 1.0 0.0
9/2+ 88.27 (p−2)+2 (n1)+5/2 0.0 2.0 1.0 0.0 0.0 0.0 0.0
11/2+ 79.30 (p−2)+2 (n1)+7/2 0.0 2.0 0.0 0.0 0.0 1.0 0.0
13/2+ 90.32 (p−2)+4 (n1)+5/2 0.0 2.0 1.0 0.0 0.0 0.0 0.0
17/2+ 91.73 (p−2)+8 (n1)+5/2 0.0 2.0 0.9 0.0 0.0 0.0 0.0
19/2+

1 95.20 (p−2)+8 (n1)+5/2 0.0 2.0 1.0 0.0 0.0 0.0 0.0
19/2+

2 81.28 (p−2)+8 (n1)+7/2 0.0 2.0 0.0 0.0 0.0 1.0 0.0
21/2+

1 96.71 (p−2)+8 (n1)+5/2 0.0 2.0 1.0 0.0 0.0 0.0 0.0
21/2+

2 96.71 (p−2)+8 (n1)+7/2 0.0 2.0 0.0 0.0 0.0 1.0 0.0
23/2+ 100.0 (p−2)+8 (n1)+7/2 0.0 2.0 0.0 0.0 0.0 1.0 0.0
0+ 82.06 (p−2)+0 (n2)+0 0.1 1.9 1.2 0.1 0.1 0.6 0.0
2+ 42.22 (p−2)+2 (n2)+0 0.0 2.0 1.2 0.2 0.1 0.5 0.0
4+

1 38.94 (p−2)+0 (n2)+4 0.0 2.0 1.4 0.1 0.1 0.4 0.0
4+

2 62.30 (p−2)+0 (n2)+4 0.1 1.9 1.5 0.0 0.1 0.4 0.0
6+

1 69.63 (p−2)+0 (n2)+6 0.1 1.9 1.0 0.0 0.0 1.0 0.0
6+

2 71.12 (p−2)+6 (n2)+0 0.0 2.0 1.3 0.1 0.1 1.5 0.0
8+

1 77.55 (p−2)+8 (n2)+0 0.0 2.0 1.2 0.1 0.1 0.6 0.0
8+

2 72.42 (p−2)+2 (n2)+6 0.0 2.0 1.0 0.0 0.0 1.0 0.0
10+ 84.75 (p−2)+8 (n2)+2 0.0 2.0 1.8 0.0 0.0 0.1 0.0
11+ 76.72 (p−2)+8 (n2)+6 0.0 2.0 1.0 0.0 0.0 1.0 0.0
12+ 74.57 (p−2)+8 (n2)+6 0.0 2.0 1.0 0.0 0.0 1.0 0.0
14+ 100.0 (p−2)+8 (n2)+6 0.0 2.0 1.0 0.0 0.0 1.0 0.0
5/2+ 73.39 (p−2)+0 (n3)+5/2 0.1 1.9 1.8 0.1 0.2 0.9 0.0
7/2+ 65.00 (p−2)+0 (n3)+7/2 0.1 1.9 1.5 0.2 0.1 1.2 0.0
9/2+ 39.99 (p−2)+0 (n3)+9/2 0.0 2.0 1.9 0.1 0.2 0.8 0.0
11/2+ 40.83 (p−2)+2 (n3)+7/2 0.0 2.0 1.6 0.2 0.1 1.1 0.0
13/2+ 41.04 (p−2)+0 (n3)+13/2 0.0 2.0 1.4 0.1 0.1 1.3 0.0
15/2+

1 44.08 (p−2)+0 (n3)+15/2 0.1 1.9 1.8 0.1 0.1 1.0 0.0
15/2+

2 31.82 (p−2)+4 (n3)+7/2 0.0 2.0 1.4 0.1 0.1 1.4 0.0
17/2+ 52.32 (p−2)+0 (n3)+17/2 0.1 1.9 1.0 0.0 0.1 1.9 0.0
19/2+

1 54.23 (p−2)+8 (n3)+5/2 0.0 2.0 2.0 0.1 0.1 0.7 0.0
19/2+

2 61.71 (p−2)+8 (n3)+7/2 0.0 2.0 1.7 0.1 0.1 1.1 0.0
21/2+ 76.35 (p−2)+8 (n3)+5/2 0.0 2.0 2.1 0.1 0.1 0.7 0.0
23/2+

1 44.62 (p−2)+8 (n3)+9/2 0.0 2.0 1.8 0.0 0.1 1.1 0.0
23/2+

2 46.59 (p−2)+8 (n3)+11/2 0.0 2.0 1.6 0.1 0.1 1.2 0.0
25/2+

1 37.91 (p−2)+6 (n3)+15/2 0.0 2.0 2.1 0.0 0.0 0.8 0.0
25/2+

2 70.78 (p−2)+8 (n3)+9/2 0.0 2.0 2.5 0.0 0.0 0.4 0.0
27/2+

1 53.08 (p−2)+8 (n3)+15/2 0.0 2.0 1.9 0.0 0.0 1.0 0.0

coupled to the single-neutron states. Such πg−2
9/2ν(d5/2, g7/2)

structure persists till the stretched coupled 23/2+ level. Shell
model calculations provide an explicit explanation to the first
and second 19/2+ and 21/2+ states resulting from the νd5/2

and νg7/2 orbitals, exhibited in Table II. The large separation
between the first fully aligned 21/2+ and 23/2+ states, having
a resemblance to that between the 19/2+ and 21/2+ states
in 101In, gives a hint of the enhanced T = 1 channel p-n
interaction.

The level structure of 100Cd [3,23] can be classified accord-
ing to active nucleon number. The 2+–8+

1 states belong to the
two-particle states. Inspection of the wave function accounts
for the neutron nature of the first 6+ state, while the intrinsic

structure of the second 6+ state has more resemblance to the
first 8+ state which is the dominating proton configuration. The
four-particle structure in 100Cd is preserved up to the maximum
spin 14 generated from two g9/2 proton holes together with
two neutrons in ν(d5/2, g7/2). Again, there is a large energy
gap below the stretched coupled 14+ state coming from the
strong T = 1 dominated p-n repulsion between the aligned
πg−1

9/2 and νg7/2.
Odd-A nuclei usually exhibit level structures with spin

sequences and energy spacings similar to those of the yrast
level schemes of adjacent even-even cores. As shown in Fig. 5,
the energy spacings of the 5/2+ (7/2+), 9/2+ (11/2+), 13/2+
(15/2+

1 ), 17/2+ (19/2+), and 21/2+
1 levels are similar to

054306-5



LIU, ZHANG, ZHOU, HE, LEI, QIANG, HE, AND WANG PHYSICAL REVIEW C 84, 054306 (2011)

TABLE III. Structure of yrast and near yrast states in 98−100Ag, tabulated in the same manner as Table I.

J π
i leading config. proton 〈na〉p neutron 〈na〉n

% (p−3)πJp(n1−3)πJn p−1
1/2 g−1

9/2 d5/2 s1/2 d3/2 g7/2 h11/2

5+ 84.63 (p−3)+9/2(n1)+5/2 0.1 2.9 1.0 0.0 0.0 0.0 0.0
6+ 83.23 (p−3)+9/2(n1)+5/2 0.1 2.9 1.0 0.0 0.0 0.0 0.0
7+ 89.10 (p−3)+9/2(n1)+5/2 0.1 2.9 1.0 0.0 0.0 0.0 0.0
8+ 84.31 (p−3)+9/2(n1)+7/2 0.1 2.9 0.0 0.0 0.0 0.9 0.0
9+ 89.03 (p−3)+13/2(n1)+5/2 0.0 3.0 1.0 0.0 0.0 0.0 0.0
10+ 52.08 (p−3)+17/2(n1)+5/2 0.0 3.0 0.7 0.0 0.0 0.3 0.0
11+ 73.64 (p−3)+17/2(n1)+5/2 0.0 3.0 1.0 0.0 0.0 0.0 0.0
12+ 97.88 (p−3)+21/2(n1)+5/2 0.0 3.0 1.0 0.0 0.0 0.0 0.0
13+

1 97.93 (p−3)+21/2(n1)+5/2 0.0 3.0 1.0 0.0 0.0 0.0 0.0
13+

2 97.93 (p−3)+21/2(n1)+7/2 0.0 3.0 0.0 0.0 0.0 1.0 0.0
14+ 100.0 (p−3)+21/2(n1)+7/2 0.0 3.0 0.0 0.0 0.0 1.0 0.0
9/2+ 74.35 (p−3)+9/2(n2)+0 0.1 2.9 1.2 0.1 0.1 0.5 0.0
13/2+ 45.88 (p−3)+9/2(n2)+2 0.0 3.0 1.4 0.1 0.1 0.4 0.0
17/2+ 31.14 (p−3)+9/2(n2)+6 0.1 2.9 1.2 0.1 0.1 0.6 0.0
19/2+ 69.28 (p−3)+9/2(n2)+6 0.1 2.9 1.0 0.0 0.0 1.0 0.0
21/2+

1 59.12 (p−3)+9/2(n2)+6 0.1 2.9 1.1 0.0 0.1 0.8 0.0
21/2+

2 66.89 (p−3)+21/2(n2)+0 0.0 3.0 1.3 0.1 0.1 0.5 0.0
23/2+ 50.97 (p−3)+13/2(n2)+6 0.0 3.0 1.0 0.0 0.0 1.0 0.0
25/2+ 39.56 (p−3)+13/2(n2)+6 0.0 3.0 1.4 0.0 0.0 0.6 0.0
27/2+ 43.56 (p−3)+17/2(n2)+6 0.0 3.0 1.0 0.0 0.0 1.0 0.0
29/2+

1 91.96 (p−3)+21/2(n2)+4 0.0 3.0 1.9 0.0 0.0 0.1 0.0
29/2+

2 58.67 (p−3)+21/2(n2)+6 0.0 3.0 1.0 0.0 0.0 1.0 0.0
31/2+

1 98.10 (p−3)+21/2(n2)+6 0.0 3.0 1.0 0.0 0.0 1.0 0.0
31/2+

2 97.54 (p−3)+21/2(n2)+5 0.0 3.0 1.0 0.0 0.0 1.0 0.0
33/2+ 100.0 (p−3)+21/2(n2)+6 0.0 3.0 1.0 0.0 0.0 1.0 0.0
5+ 26.39 (p−3)+7/2(n3)+3/2 0.0 3.0 2.0 0.2 0.2 0.6 0.0
6+ 21.36 (p−3)+9/2(n3)+3/2 0.0 3.0 1.8 0.2 0.2 0.8 0.0
7+

1 47.97 (p−3)+9/2(n3)+7/2 0.1 2.9 1.7 0.2 0.1 1.0 0.0
7+

2 56.25 (p−3)+9/2(n3)+5/2 0.1 2.9 2.0 0.1 0.2 0.7 0.0
8+

1 48.25 (p−3)+9/2(n3)+7/2 0.1 2.9 1.6 0.2 0.1 1.1 0.0
8+

2 17.38 (p−3)+9/2(n3)+9/2 0.0 3.0 1.7 0.2 0.2 0.9 0.0
9+

1 35.72 (p−3)+9/2(n3)+11/2 0.0 3.0 1.7 0.2 0.1 1.0 0.0
9+

2 31.91 (p−3)+9/2(n3)+9/2 0.0 3.0 2.0 0.1 0.1 0.7 0.0
10+

1 35.44 (p−3)+9/2(n3)+11/2 0.0 3.0 1.7 0.1 0.1 1.1 0.0
10+

2 22.99 (p−3)+9/2(n3)+13/2 0.1 2.9 1.6 0.1 0.1 1.2 0.0
11+ 45.98 (p−3)+9/2(n3)+15/2 0.1 2.9 1.9 0.1 0.1 0.9 0.0
12+ 47.72 (p−3)+9/2(n3)+15/2 0.0 3.0 1.9 0.1 0.1 0.9 0.0
13+

1 78.19 (p−3)+21/2(n3)+5/2 0.0 3.0 2.2 0.1 0.1 0.6 0.0
13+

2 34.37 (p−3)+9/2(n3)+17/2 0.0 3.0 1.3 0.0 0.1 1.5 0.0
14+ 40.31 (p−3)+13/2(n3)+15/2 0.0 3.0 1.9 0.1 0.0 1.0 0.0
15+ 21.56 (p−3)+17/2(n3)+13/2 0.0 3.0 1.8 0.0 0.0 1.2 0.0
8− 43.28 (p−3)+9/2(n3)−11/2 0.0 3.0 1.0 0.2 0.2 0.6 1.0
9−

1 57.38 (p−3)+9/2(n3)−11/2 0.1 2.9 1.0 0.2 0.2 0.6 1.0
9−

2 69.92 (p−3)−17/2(n3)+7/2 1.0 2.0 1.6 0.1 0.1 1.2 0.0
10−

1 51.59 (p−3)−17/2(n3)+5/2 1.0 2.0 2.0 0.1 0.1 0.7 0.0
10−

2 56.48 (p−3)+9/2(n3)−11/2 0.1 2.9 1.1 0.2 0.2 0.5 1.0
11− 64.03 (p−3)−17/2(n3)+5/2 1.0 2.0 2.0 0.1 0.1 0.8 0.0
12− 35.10 (p−3)+9/2(n3)−15/2 0.0 3.0 1.2 0.1 0.2 0.5 1.0
13− 50.12 (p−3)+9/2(n3)−21/2 0.1 2.9 0.9 0.0 0.1 1.0 1.0
14−

1 63.79 (p−3)+9/2(n3)−21/2 0.1 2.9 0.9 0.0 0.0 1.0 1.0
14−

2 45.98 (p−3)+9/2(n3)−23/2 0.1 2.9 0.9 0.1 0.1 0.9 1.0
15− 41.69 (p−3)+9/2(n3)−23/2 0.1 2.9 0.9 0.0 0.0 1.0 1.0
16−

1 43.67 (p−3)+13/2(n3)−21/2 0.0 3.0 1.0 0.0 0.0 1.0 1.0
16−

2 39.19 (p−3)+9/2(n3)−23/2 0.0 3.0 1.0 0.1 0.1 0.8 1.0
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TABLE III. (Continued)

J π
i leading config. proton 〈na〉p neutron 〈na〉n

% (p−3)πJp(n1−3)πJn p−1
1/2 g−1

9/2 d5/2 s1/2 d3/2 g7/2 h11/2

17− 63.24 (p−3)+13/2(n3)−21/2 0.0 3.0 1.0 0.0 0.0 1.0 1.0
18− 41.53 (p−3)+17/2(n3)−21/2 0.0 3.0 1.0 0.0 0.0 1.0 1.0

those of the 0+, 2+, 4+
1 , 6+

1 , and 8+
1 states in the 100Cd core

nucleus; the weak-coupling behaviors are further supported
somewhat by the corresponding wave function components in
Table II except for the 19/2+ where two g9/2 proton holes
couple to 8 rather than 6. We can see from Table II that
the 23/2+–27/2+ states belong to the five-particle structure.
Thus, the expected three-particle exhausted (πg−2

9/2νg7/2)23/2+

state does not emerge in 101Cd according to the calculated
results. This may be because the dominated T = 1 channel
p-n interaction between the aligned πg−1

9/2 and νg7/2 strongly
repulses with each other and leads to a 23/2+ state much higher
in energy.

C. Level structure of positive-parity states in 98−100Ag

The πg−1
9/2νd5/2 particle-hole interaction favors Jmax − 2 =

5 for the ground state differing from the experimental ground
state 6+ in 98Ag. The jumping of a neutron into the g7/2 orbital
to form the aligned 8+ needs more energy due to the monopole
correlations and the strong repulsion between the aligned πg−1

9/2

and νg7/2. This leads to a large energy gap below the 8+ state.
The levels above concern πg−3

9/2ν(d5/2, g7/2) excitations. Also,
the topmost stretched coupled 14+ state is much higher in
energy.

The excited state 13/2+ in 99Ag [6] can be described by
angular momentum coupling of πg−1

9/2 with the core 2+ state,
and the 17/2+–21/2+

1 states correspond to the multiplet of
πg−1

9/2

⊗
ν(d5/2g7/2)6+ , where the fully aligned 21/2+

1 state
is separated from its multiplet members. The 21/2+

2 state is
constructed by exhausted three proton holes with one neutron
pair in νd5/2 coupling to spin zero. The main components of the
23/2+–27/2+ states consist of an odd proton hole and a proton
pair coupling to 2+ or 4+ in the πg9/2 orbital and a neutron
pair in ν(d5/2, g7/2) orbitals coupling to 6+. The dominating
proton configurations for 29/2+–33/2+ states is π (g−3

9/2)21/2+

while two neutrons occupying the νd5/2 and νg7/2 couple to
spins 4–6.

Four energy gaps are observed in 100Ag [7] (see Fig. 6).
The first two gaps can be approximately regarded as the corre-
sponding 0+–2+ and 2+–4+ level spacings in 100Cd according
to the weak-coupling behaviors. The last one is due to the
excitation from a four-particle to six-particle state, which needs
more energy. The third gap might be induced by the stretched
coupled four-particle excitations, where the 12+, 13+

1 , and 13+
2

states might have the main components: πg−1
9/2

⊗
ν(d2

5/2)4+
⊗

νg7/2, π (g−3
9/2)21/2+

⊗
νd5/2, and πg−1

9/2

⊗
νd5/2

⊗
ν(g2

7/2)6+

(see Table III), respectively.

D. Level structure of positive-parity states in 97−99Pd

Only two members of high-spin states up to 25+ in
97Pd [8] concern the νg7/2 excitation. The energy for
5/2+ → 7/2+ excitation can be approximately regarded
as the sum of the νg7/2 single-particle excitation energy,
the monopole correlations, and the p-n interaction. Given a
cursory glance at the needed energy, it may be seen that the
5/2+ → 7/2+ excitation is a very close approximation to
[(πg−2

9/2)8+
⊗

νd5/2]21/2+ →[(πg−2
9/2)8+

⊗
νg7/2]23/2+ if the 8+

state is only a spectator. However, the 21/2+–23/2+ level
spacing is much larger than that between 5/2+ and 7/2+. This
difference naturally comes from the p-n interaction. We use
α = 0.425 and �kT =1(πg−1

9/2νg7/2)8+ = 0.25 MeV to improve
such difference.

The energy gap coming above the fully aligned two-proton
8+ state in 98Pd [9] is due to the level structure evolving
from the two-particle to four-particle state. The fully aligned
four-particle state [(πg−2

9/2)8+ (νd5/2g7/2)6+ ]14+
1

is far away from

four-particle state [(πg−2
9/2)8+ν(d5/2, g7/2)2

4+ ]12+
2

and very close

to six-particle state [(πg−4
9/2)10+ (νd2

5/2)4+ ]14+
2

(see Table IV).
Note that the 14+

1 –12+
2 level spacing is larger than that between

6+ and 4+ states due to the strong p-n repulsion between the
aligned πg−1

9/2 and νg7/2. The energy gap between 14+
2 (16+

2 )
and 15+

1 (18+) is attributed to the neutron 4+ → 6+ excitation.
The leading configuration of the ground state in 99Pd is

two g9/2 proton-hole pairs, two d5/2 neutrons paired to angular
momentum zero, and a d5/2 odd neutron. The 7/2+ level can
be an excitation of the odd neutron to the g7/2 orbital. The
energy spacings of the 5/2+–19/2+ in 99Pd are somewhat
similar to those of the 0+–6+ states in the 98Pd [9] core
nucleus (see Fig. 7). In fact, Table IV shows that the 5/2+
(7/2+), 9/2+ (11/2+), 13/2+ (15/2+

1 ), and 17/2+
2 (19/2+)

levels can be approximately regarded as the coupling of
the νd5/2 (νg7/2) proton to the 0+, 2+, 4+, and 6+ states
of the core nucleus 98Pd. The maximum spin that can be
reached by the two proton holes in the g9/2 orbital along
with the one neutron in the g7/2 orbital is 23/2. The exper-
imentally observed three-particle 23/2+ state intrudes into the
energy region of five-particle 25/2+–27/2+ states with proba-
ble configurations π (g−2

9/2)8+
⊗

ν(d2
5/2)2+

⊗
ν(d5/2, g7/2). The

29/2+–33/2+ states might be π (g−2
9/2)8+

⊗
ν(d5/2g7/2)2

4+,6+
⊗

ν(d5/2, g7/2) and the large level spacing between the 27/2+ and
29/2+ states therefore corresponds to 2+ → 4+, 6+ excitations
in 98Pd, where the calculated excitation energy for the fully
aligned five-particle 33/2+ state is larger than the experimental
one. The above excited states can be interpreted in terms of
all the valence-nucleon excitations with respect to the doubly
magic 100Sn core.
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TABLE IV. Structure of yrast and near yrast states in 97−99Pd, tabulated in the same manner as Table I.

J π
i leading config. proton 〈na〉p neutron 〈na〉n

% (p−4)πJp(n1−3)πJn p−1
1/2 g−1

9/2 d5/2 s1/2 d3/2 g7/2 h11/2

5/2+ 84.18 (p−4)+0 (n1)+5/2 0.2 3.8 1.0 0.0 0.0 0.0 0.0
7/2+ 78.88 (p−4)+0 (n1)+7/2 0.3 3.7 0.0 0.0 0.0 0.9 0.0
9/2+ 81.11 (p−4)+2 (n1)+5/2 0.1 3.9 0.9 0.0 0.0 0.0 0.0
13/2+ 76.57 (p−4)+4 (n1)+5/2 0.0 4.0 0.9 0.0 0.0 0.0 0.0
17/2+ 67.39 (p−4)+6 (n1)+5/2 0.1 3.9 1.0 0.0 0.0 0.0 0.0
19/2+ 85.09 (p−4)+8 (n1)+5/2 0.1 3.9 1.0 0.0 0.0 0.0 0.0
21/2+ 91.83 (p−4)+8 (n1)+5/2 0.1 3.9 1.0 0.0 0.0 0.0 0.0
23/2+ 88.36 (p−4)+8 (n1)+7/2 0.1 3.9 0.0 0.0 0.0 0.9 0.0
25/2+ 91.85 (p−4)+10(n1)+5/2 0.0 4.0 1.0 0.0 0.0 0.0 0.0
0+ 76.03 (p−4)+0 (n2)+0 0.2 3.8 1.3 0.1 0.1 0.5 0.0
2+ 40.38 (p−4)+2 (n2)+0 0.2 3.8 1.3 0.2 0.2 0.3 0.0
4+ 29.07 (p−4)+2 (n2)+2 0.1 3.9 1.3 0.2 0.2 0.3 0.0
6+ 46.56 (p−4)+0 (n2)+6 0.2 3.8 1.0 0.1 0.1 0.8 0.0
8+ 70.63 (p−4)+8 (n2)+0 0.1 3.9 1.3 0.1 0.1 0.4 0.0
9+ 48.43 (p−4)+8 (n2)+2 0.0 4.0 1.4 0.2 0.1 0.3 0.0
10+

1 51.39 (p−4)+8 (n2)+2 0.0 4.0 1.5 0.1 0.1 0.3 0.0
10+

2 51.62 (p−4)+4 (n2)+6 0.0 4.0 1.1 0.0 0.1 0.8 0.0
10+

3 28.62 (p−4)+6 (n2)+6 0.1 3.9 1.2 0.0 0.1 0.7 0.0
11+ 54.36 (p−4)+8 (n2)+4 0.1 3.9 1.5 0.0 0.1 0.4 0.0
12+

1 42.70 (p−4)+6 (n2)+6 0.1 3.9 1.2 0.0 0.0 0.7 0.0
12+

2 34.79 (p−4)+8 (n2)+4 0.1 3.9 1.4 0.0 0.0 0.5 0.0
13+ 74.59 (p−4)+8 (n2)+6 0.1 3.9 1.0 0.0 0.0 1.0 0.0
14+

1 80.02 (p−4)+8 (n2)+6 0.1 3.9 1.0 0.0 0.0 0.9 0.0
14+

2 57.11 (p−4)+10(n2)+4 0.0 4.0 1.8 0.0 0.0 0.1 0.0
15+

1 68.23 (p−4)+10(n2)+6 0.0 4.0 1.0 0.0 0.0 1.0 0.0
15+

2 71.84 (p−4)+10(n2)+5 0.0 4.0 1.1 0.0 0.0 0.9 0.0
16+

1 81.69 (p−4)+10(n2)+6 0.0 4.0 1.0 0.0 0.0 0.9 0.0
16+

2 90.87 (p−4)+12(n2)+4 0.0 4.0 1.9 0.0 0.0 0.1 0.0
17+ 99.89 (p−4)+12(n2)+6 0.0 4.0 1.0 0.0 0.0 1.0 0.0
18+ 100.0 (p−4)+12(n2)+6 0.0 4.0 1.0 0.0 0.0 1.0 0.0
5− 70.53 (p−4)−5 (n2)+0 1.0 3.0 1.2 0.1 0.1 0.5 0.0
7− 33.85 (p−4)−5 (n2)+2 1.0 3.0 1.3 0.1 0.1 0.4 0.0
9− 23.91 (p−4)−7 (n2)+2 1.0 3.0 1.3 0.1 0.1 0.5 0.0
11− 73.48 (p−4)−11(n2)+0 1.0 3.0 1.3 0.1 0.1 0.5 0.0
12− 52.20 (p−4)−7 (n2)+6 1.0 3.0 1.0 0.0 0.0 1.0 0.0
13− 54.51 (p−4)−11(n2)+2 1.0 3.0 1.5 0.0 0.0 0.4 0.0
5/2+ 63.82 (p−4)+0 (n3)+5/2 0.2 3.8 1.9 0.1 0.2 0.7 0.0
7/2+ 56.28 (p−4)+0 (n3)+7/2 0.2 3.8 1.6 0.2 0.1 1.1 0.0
9/2+ 33.25 (p−4)+0 (n3)+9/2 0.1 3.9 1.9 0.2 0.2 0.7 0.0
11/2+ 37.99 (p−4)+2 (n3)+7/2 0.1 3.9 1.6 0.2 0.2 1.0 0.0
13/2+ 26.05 (p−4)+2 (n3)+9/2 0.1 3.9 1.7 0.1 0.2 1.0 0.0
15/2+

1 31.08 (p−4)+4 (n3)+7/2 0.1 3.9 1.7 0.2 0.1 1.0 0.0
15/2+

2 23.51 (p−4)+4 (n3)+7/2 0.1 3.9 1.7 0.1 0.2 1.0 0.0
17/2+

1 19.54 (p−4)+4 (n3)+9/2 0.1 3.9 1.5 0.1 0.2 1.1 0.0
17/2+

2 37.76 (p−4)+6 (n3)+5/2 0.0 4.0 1.9 0.1 0.2 0.8 0.0
19/2+ 22.52 (p−4)+4 (n3)+11/2 0.0 4.0 1.6 0.2 0.1 1.0 0.0
21/2+

1 70.16 (p−4)+8 (n3)+5/2 0.1 3.9 2.2 0.1 0.1 0.5 0.0
21/2+

2 49.10 (p−4)+8 (n3)+7/2 0.1 3.9 1.6 0.1 0.1 1.2 0.0
23/2+ 44.81 (p−4)+8 (n3)+7/2 0.0 4.0 1.7 0.1 0.1 1.1 0.0
25/2+

1 35.07 (p−4)+8 (n3)+9/2 0.0 4.0 1.9 0.1 0.1 0.9 0.0
25/2+

2 34.30 (p−4)+8 (n3)+9/2 0.0 4.0 1.9 0.1 0.1 0.8 0.0
27/2+ 45.24 (p−4)+8 (n3)+11/2 0.0 4.0 1.8 0.1 0.1 1.0 0.0
29/2+

1 29.82 (p−4)+8 (n3)+13/2 0.1 3.9 1.7 0.1 0.1 1.1 0.0
29/2+

2 34.95 (p−4)+8 (n3)+15/2 0.1 3.9 1.5 0.0 0.1 1.4 0.0
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TABLE IV. (Continued)

J π
i leading config. proton 〈na〉p neutron 〈na〉n

% (p−4)πJp(n1−3)πJn p−1
1/2 g−1

9/2 d5/2 s1/2 d3/2 g7/2 h11/2

31/2+ 65.60 (p−4)+8 (n3)+15/2 0.1 3.9 1.9 0.0 0.0 1.0 0.0
33/2+ 65.47 (p−4)+8 (n3)+17/2 0.1 3.9 1.1 0.0 0.1 1.8 0.0
35/2+ 74.29 (p−4)+10(n3)+15/2 0.0 4.0 1.9 0.0 0.0 1.0 0.0
37/2+

1 73.72 (p−4)+10(n3)+17/2 0.0 4.0 1.1 0.0 0.0 1.9 0.0
37/2+

2 88.02 (p−4)+12(n3)+15/2 0.0 4.0 1.9 0.0 0.0 1.0 0.0
39/2+ 99.98 (p−4)+12(n3)+15/2 0.0 4.0 2.0 0.0 0.0 1.0 0.0
11/2− 60.31 (p−4)+0 (n3)−11/2 0.2 3.8 1.0 0.2 0.2 0.6 1.0
15/2− 46.11 (p−4)−5 (n3)+7/2 1.0 3.0 1.6 0.2 0.1 1.1 0.0
19/2− 30.53 (p−4)−5 (n3)+11/2 1.0 3.0 1.7 0.2 0.1 1.0 0.0
23/2− 27.82 (p−4)+6 (n3)−11/2 0.1 3.9 1.0 0.2 0.2 0.6 1.0
27/2− 46.67 (p−4)+8 (n3)−11/2 0.0 4.0 1.2 0.1 0.2 0.5 1.0
31/2− 34.29 (p−4)+8 (n3)−15/2 0.0 4.0 1.2 0.1 0.1 0.6 1.0
35/2− 58.91 (p−4)+8 (n3)−21/2 0.1 3.9 1.0 0.0 0.0 1.0 1.0
39/2− 61.27 (p−4)+8 (n3)−23/2 0.0 4.0 1.0 0.1 0.0 0.9 1.0
43/2−

1 76.83 (p−4)+10(n3)−23/2 0.0 4.0 1.0 0.0 0.0 1.0 1.0
43/2−

2 85.12 (p−4)+12(n3)−23/2 0.0 4.0 1.0 0.0 0.0 1.0 1.0
45/2− 99.91 (p−4)+12(n3)−21/2 0.0 4.0 1.0 0.0 0.0 1.0 1.0
47/2− 100.0 (p−4)+12(n3)−23/2 0.0 4.0 0.9 0.0 0.0 1.1 1.0

E. Level structures of negative-parity states for particle-hole
nuclei around 100Sn

It can be seen from Fig. 8 that the present T = 1 dominated
p-n quadrupole interaction can reproduce the negative-parity
states of particle-hole nuclei around 100Sn very well [7,9,10].
It is surprising that the calculated levels up to the fully
aligned seven-particle 47/2− state in 99Pd are in reasonable
agreement with the experimental ones. It should be pointed
out that the negative-parity sequences do not completely arise
from the νh11/2. As indicated in Fig. 8, the π (p−1

1/2g
−1
9/2)5−

state in 98Pd is comparable in energy with the single-neutron
state 11/2− in 99Pd and (πg−1

9/2νh11/2)8− in 100Ag. Therefore,
the level structures of negative-parity states for particle-hole
nuclei around 100Sn should involve both the νh11/2 and
πp−1

1/2. Indeed, such excitations can be seen in Table IV.
However, the p-n quadrupole interaction does not induce the
proper configuration mixing between the proton and neutron
negative-parity components, for example (πg−1

9/2νh11/2)2− and

(πp−1
1/2νd5/2)2− .

V. SUMMARY

This paper presents the level-structure study of particle-
hole nuclei around 100Sn. Near yrast positive-parity states
are mainly formed by the coupling of g9/2 valence-proton
holes to the d5/2 and g7/2 valence-neutron particles. The
obvious feature of level structure in this region is the

much higher excitation energy for the fully aligned state
involving νg7/2 rather than νd5/2. This is attributed to
the strong (weak) repulsion between the aligned g9/2 proton
hole and g7/2 (νd5/2) neutron particle. By comparing the
pure T = 0 and T = 1 πg−1

9/2νd5/2 and πg−1
9/2νg7/2 quadrupole

interactions with the experimental multiplets, we estimate
that the T = 1 channel should be dominated for the p-n
residual interaction, where the quadrupole-quadrupole term
is a main component after extracting the monopole term. The
near yrast states are compared with the results of shell model
calculations in the model spaces of π (p1/2, g9/2)−1–−4 and
ν(d5/2, s1/2, d3/2, g7/2, h11/2)1−3 by using the T = 1 dominant
p-n quadrupole interaction, and the reasonable agreement with
each other gives indirect proof of T = 1 dominant level struc-
tures of particle-hole nuclei around 100Sn. The level structures
of negative-parity states for particle-hole nuclei around 100Sn
should involve the competition between the νh11/2 and πp−1

1/2
excitations.
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