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Spectroscopic factors and level spectra in neutron-rich Sn isotopes
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The Hamiltonian including core excitations and the intruder orbit i3/, is used to investigate spectroscopic

factors and level spectra in neutron-rich Sn isotopes. The state 13/2% of 1*!Sn is predicted with a relative small
value of spectroscopic factor, since the competition driven by pair cross-shell excitations weakens the single
particle properties of this high-lying state near 5 MeV. The level 11/2~ of '33Sn is predicted at 3.6 MeV coupled
by cross-shell configuration vhl’ll/2 f72/2. In '*Sn,the state 3/2* is predicted at 2.66 MeV with a main cross-shell
configuration vd_{/'2 f74/2, and the state 13/2% at about 2.5 MeV is predicted as a good isomer coupled by intruder
orbit i13/. The level 3~ of **Sn('**Sn) is predicted as a good isomer, due to the y decay blocked by the spin-trap
structures. The level 13/2% of '¥Sn is predicted at about 2.1 MeV with 49% of configuration v f74/2i13 2. The
ground state of *’Sn is predicted as 7/2~ level with a main configuration v f75/2. This work emphasizes the
importance of the intruder orbit i3/, to explain level spectra of neutron-rich Sn isotopes, and these predictions
would provide useful guidance for further experiments in this nuclei region.
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I. INTRODUCTION

The shell model theory describes well the magic numbers
of protons and/or neutrons such as 2, 8, 28, 50, and 82, as well
as 126 for neutrons [1]. The nuclei with these magic numbers
have comparatively high energies of the first excited 27 state,
as well as high energies needed to remove their nucleon(s)
[2]. It is essential to investigate single-particle states outside
a double-shell closure in order to modify theoretical models
and predict the properties of unmeasured nuclei [3-9]. The
rapid neutron-capture process (r process) is suggested pro-
ducing more than half of the nuclei heavier than iron [10]. The
structural inputs of unmeasured nuclei are from predictions of
nuclear models [11]. Therefore, it is necessary to develop a
suitable interaction for these unstable nuclei.

The spectroscopic factors can be used to calculate direct-
semidirect (n, ) cross sections that are important inputs for
r-process abundance calculations [12]. The spectroscopic fac-
tors are critical test for the single-particle states outside the
closed shell with magic number. If nucleus A has a good
magic number, high spectroscopic factors mean the single-
particle strength in a specific orbital of the A + 1 nucleus
is concentrated in one state. The experimental energies of
single-particle states just outside a shell closure are neces-
sary benchmarks for shell-model calculations of neutron-rich
nuclei [13-16]. The single-particle properties of *>Sn have
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been experimentally confirmed by B-decay measurements and
the spectroscopy of prompt y rays after the fission of 2*3Cf
[17,18].

The transfer reaction is a highly sensitive technique for
studying single-particle states, in which a single nucleon is
transferred from one nucleus to another [19]. By performing
the 132Sn(d, p) 1**Sn reaction in inverse kinematics, the purity
of low-spin single-neutron excitations have been determined
experimentally in '*3Sn [2]. In theory, both low-lying states
and high cross-shell excitations have been described well in
the neutron-rich nuclei near '32Sn [20-22]. Recently, a regular
correlation driven by the monopole interaction was found
between the neutron orbits /1, and d3, in the hole nuclei re-
gion of *2Sn. The ground-state inversions from '*°In ('?’Cd)
to '2In ('?’Cd) observed experimentally were explained well
for the first time by this correlation [23].

In 3!Sn, the spectroscopic factors of high-lying single
particle states have been observed by the *°Sn(d, p) '*'Sn
reaction [24]. The low-lying single particle states of '*!Sn,
namely, 3/2%, 11/27, 1/2%, 5/2%, and 7/2% under N = 82
shell, have been successfully reproduced in the hole-nuclei
model space [15]. However, these high-lying single particle
states of '*'Sn above the N = 82 shell cannot be well in-
vestigated, due to the absence of single particle orbits above
N = 82 in this model space. Recently, a new Hamiltonian has
been established by including both cross-shell excitations and
neutron intruder orbit ij3,> [25]. In this new Hamiltonian, the
major shell N = (82, 126) with additional two orbits under
N = 82 is suitable to describe the observed single particle
states in hole nucleus '3'Sn.

©2023 American Physical Society
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In this paper, we will investigate the spectroscopic fac-
tors and low-lying states of neutron-rich Sn isotopes by
using the Hamiltonian in Ref. [25]. The shell-model codes
NUSHELLX@MSU and KSHELL are used for calculations
[26,27].

II. HAMILTONIAN AND MODEL SPACE

We use the Hamiltonian of extended paring plus multi-
pole forces with monopole correction terms (EPQQM) in the
proton-neutron representation:

H = Hy, + Hp, + Hp, +HQQ + Hoo + Hyy + Hie

—E Sucalcal_ E E 87.,ii’ E ]M”PJMH

10211

Y Z K2.it Z Q2M it QZM i’ -
Z X3,ii’ Z OgM - 03M .
- Z X4,ii' Z 4M v H4M,ii’ .

+ Z kme(ia, lC)ZA wa, ')Ay ia,i'c). (1)

a<c,ii’

This equation has the single-particle Hamiltonian (Hp),
the J=0 and J =2 pairing (PJP() and P;Pz), the
quadrupole-quadrupole (Q7Q), the octupole-octupole (O'0),
the hexadecapole- hexadecapole (H'H) terms, and the
monopole corrections (Hp). P JM ;» and Al M(ia, i'c) are the

:
pair operators in the pn representation. QZM,ii” 03> and

HIM! ;» are the quadrupole, octupole, and hexadecapole op-
erators, respectively, and the i (') are the indices of protons
(neutrons). The parameters of gy, X2.ii» X3.i'» Xa.iv» and
kmc(ia, i'c) are the force strengths, and b is the harmonic-
oscillator range parameter.

The model space of this Hamiltonian se-
lected five proton orbits above Z =150
(0g7/2, 1d5/2, 1d3/2, 2S1/2, Ohll/z), and six neutron orbits
above N =82  (1f7,2,2p32,2p12, 0hoj2, 1f5/2, Oi132).
Furthermore, the proton orbit of 0gg,, under Z = 50 and
neutron orbit of 1d3/, and Ok under N = 82 were included
for cross-shell excitations. In '3!'Sn, three neutrons are
allowed to cross the N = 82 shell, one from orbit 1d3,, and
two from orbit Ok .

We keep the same parameters of two-body strengths, and
five monopole terms are employed as reported in Ref. [25]:

Mcl = kmc(Vhiij2, vf72) = 0.35MeV,

Mc2 = knc(vdspp, vfr2) = 0.45MeV,

Mc3 = knc(g7/2, Vhe2) = —1.6 MeV,

Mc4d = knc(w 872, viizpn) = —0.8MeV,

McS5 = kme(hiyn, vi7p) = —1.5MeV. 2)

The force strength of these five monopole terms have been
determined by the data of nuclei 133G}, 134G, 134Te, 135Te, and
1351, Due to missing three-body contributions,the monopole
corrections are necessary for shell-model calculations with
two-body interactions [28,29].

III. SPECTROSCOPIC FACTORS

Spectroscopic factors provide the cross-section informa-
tion of nuclear single-particle configurations, which are
crucial in one-nucleon transfer reactions [30,31]. The cross
section of transfer reactions, in which one particle is removed,
is proportional to the summing of matrix elements over m,
final M states (M), and initial M states (M;):

o~ )

m,My
1
T2+ 1

(W= M a9 00|
27+ 1

" fa [ 3)

The a,j is the creation operator that creates the single-particle
state |k). The @ is the conjugate of destruction operator ay.

If one describes the final lighter nucleus by the wave func-
tion |W?_'J ), and the initial heavier nucleus by [AT;) the
spectroscopic factor can be defined as

1 - ~
S = s rllad it P
1
= g v llat vy il
~ 0 . (4)

If the removal of one particle in orbit k is calculated as the
cross section of a single particle (op), one has

6~ = Sog. 5)

Similarly obtain the cross section of reactions adding one
particle (o 1),

o ~ s sl

2 +1

T2+ 1

where S means the spectroscopic factor removing a particle
from A + 1 to A, and we also have
+_ 2Jr+1

27 +1

If the final state is formed by coupling the odd nucleon j and

the closed core without any fragmentation, one can obtain a
spectroscopic factor of 1, since the overlap integral is unity.

S, (6)

Sop. 7)

IV. SINGLE-PARTICLE STATES

Due to the additional cross-shell orbits 0411/, and 1d3,,
in the model space above N = 82 [25], we can investigate
the observed high-lying states of hole nucleus '*!Sn, namely
7/27,3/27,1/27, and 5/27 states. These states have good
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FIG. 1. Single-particle-state centroids above N = 82 obtained
from the diagonalization. Results of column PRC106 calculated by
the interaction in Ref. [25]. The column +Mc of '*!Sn means adding
monopole corrections (see text). Corresponding data (Exp.) are from

2].

single particle properties, according to their big values of
spectroscopic factors from experiment. As shown in Fig. 1,
these high-lying states of '*!Sn around 4 MeV are similar to
single particle states in '**Sn. The column marked “PRC106”
is calculations of '3!'Sn by the Hamiltonian in Ref. [25] with
the same two-body strengths and monopole correction terms.

The states in column PRC106 are somewhat high, since
this Hamiltonian is designed for particle nuclei above the
N = 82 shell. Therefore, monopole correction terms between
the orbit v/, and the major shell of N = (82, 126) (marked
with +Mc in Fig. 1) are considered to account for the trun-
cation effects of the model space. With average strength 1.0
MeV, these additional monopole terms are only considered
to the hole-nucleus '*'Sn under the N = 82 shell. They re-
produce the high-lying single-particle-state centroids in '*!Sn
well, and have almost no effects on the low-lying levels of
1338n. We test such monopole corrections by comparing with
datum 2+ at 4.041 MeV in '32Sn. Its theoretical value reduces
to 4.099 MeV from 4.649 MeV. The difference factor is 1.01
(1.15 before). These corrections between neutron orbit 0/ »
and the major shell of N = (82, 126) are beneficial to deal
with hole nucleus '*!Sn closing to the N = 82 shell.

Single-particle states outside a double-shell closure are
necessary for calibrating theoretical interactions and predict-
ing properties of unknown nuclei. The single-particle states
in '**Sn were measured by the inverse kinematics technique
transferring a single nucleon to the nucleus [2]. In '*3Sn,
the single neutron orbits 2 f7,5, 3p3/2, Lhosa, 3p1,2, 2 f5/2 have
been confirmed in the (d, p) reaction on the doubly magic
1328n [2], while the value of the neutron v1ij3), is only sug-
gested by Ref. [18]. These states lie outside the double shell
closure of the short-lived nucleus '*?Sn, and their purity can
clearly illustrate the magic nature of '3Sn.

For spectroscopic factors in '33Sn, this work reproduce
well (7/27), (3/27), (1/27), and (5/27). The predicted spec-
troscopic factor of state 9/27 is 0.97, of state (13/2%) is 0.94

TABLE 1. The spectroscopic factors of single-particle-state cen-
troids obtained from the diagonalization. Corresponding data are
from Ref. [2].

J* E, MeV S
138n Exp. Th.1 Th.2 Exp.  Th.l Th.2
(7/27) 0 0 0 0.86 098 095
(3/27) 0854 0846 0840 092 097 094
(1/27) 1363 1367 1358 1.1 097 094
9/27) 1.561  1.618 1.635 099  0.97

(5/27) 2005 2023 1.994 1.1 097  0.89
(13/2%) 2,693  2.682 097 0.94
3lgn Exp. Th.1 Th.2 Exp. Th.l Th.2
(7/27) 2628  3.62 2674 0.7 090 088
(3/27) 3404 5273 3332 07 097 041
1/27) 3986 5941  4.067 1 0.71 0.54
9/27) 6.01 4.174 058 043
(5/27) 4655 6421 4616 075 035 035
(13/2%) 6.693  4.836 029 020

(Table I). Similar single particle states of / = 1,3 are also
observed in low-lying spectra of '*'Sn through the inverse
1308n (d, p) '3 Sn reaction at 4.8 MeV /u. The observations of
(1/27) and (3/27) states with / = 1 are important for direct
neutron capture that is crucial for r-process nucleosynthesis.
The two [ = 1 single particle states are reported bound, which
mean a relatively large cross section of direct neutron capture
[24]. The concentrative single-particle states of / = 1, 3 con-
firm the stableness of the proton Z = 50 core, and a simple
neutron structure outside the core 1*°Sn.

By comparing with single particle states of '*3Sn, the lack
of states 9/27 and 13/2% in experiment is due to the rather
weakness of [ = 5, 6 transfers in the '*°Sn (d, p) '*'Sn reac-
tion. As shown in Table I, the lowest 13/2% state, predicted
at 4.8 MeV, has a spectroscopic factor 0.20, which is small,
but at the same time it is the largest among the i;3/> spectro-
scopic factors of the other 13/2" states. The sum of the i3/,
spectroscopic factors over all calculated 13/2% states is about
0.9424, which almost exhausts the sum rule.

Note the state 13/2% at 4.8 MeV only has 21% of con-
figuration Uh1_12/2i13/2 (A), while 59% is a configuration of
vhl_fﬂd;/lz f72/2 (B). The configuration (A) contributes to the
single particle properties by one neutron occupying the single
particle orbit i13,,. The configuration (B) represents pair cross-
shell excitations as two neutrons are excited across the N = 82
shell and occupy the orbit f7,,. The neutron-pair excitation
occurs from Al1/2 to f7/2 orbits and thus cross the N = 82
shell gap. The competition driven by double cross-shell exci-
tations weakens the single particle properties of the high-lying
state 13/2% in *'Sn.

The low-lying states and spectroscopic factors of
133.135.1379 are calculated under the same model-space trun-
cation without cross-shell excitations (Fig. 2). Considering
greater valence neutrons in 1378, orbits under N = 82 have
to freeze out for keeping the truncation consistently in these
three nuclei. In this truncation, the dimension of '*’Sn is
less than 10°. If considering one cross-shell neutron excited

064305-3



WANG, LI, WANG, JALILI, AND QIAN

PHYSICAL REVIEW C 107, 064305 (2023)

Low-lying states and Spectroscopic Factors (SF)

3.0F . E
2.5F
2.0
1.5
= 1.0F
0.5F
0.0

(MeV)

E

1.0F
0.8f
=~ 0.6}
0.4

135,
Sn 33

FIG. 2. Low-lying states and spectroscopic factors in nuclei
133,135,137 g

from orbit ds;, the dimension is less than 10°. However,
the number of possible neutron configurations is beyond the
capacity of shell-model calculations. As shown in Fig. 2, both
level energies and spectroscopic factors decrease significantly
when the number of valence neutrons increasing from '**Sn
to *’Sn. With [ = 1 transfer, the spectroscopic factors of
states 3/27 and 1/27 in 13781 are 0.3 and 0.24, respectively,
shrinking more than half. In '¥’Sn, the spectroscopic factor
of the ground state 7/2~ shrinks to 0.50 (I = 3), while the
spectroscopic factor of state 13/2* drops very slightly (I =
6). Without competition of cross-shell excitation by freezing
orbits under N = 82, the state 13/2* of '’Sn has a good
spectroscopic factor and keep single-particle properties very
well.

V. LEVEL SPECTRA OF SN ISOTOPES
A. Odd-A

In '¥3Sn, the low-lying levels of are selected as the single
particle states in shell-model calculations, which have been
observed in experiment [2]. The cross-shell excitations can be
coupled with orbits /(,; and d3/, under the N = 82 shell in
the present model space. As shown in Fig. 3, levels 1/2" to
15/2% have a main cross-shell configuration vd3_/12 f72/2, which
means that a neutron from orbit d3;, crosses the N = 82
shell and occupies the orbit orbit f7,,. The high spin levels
17/2% and 19/2" have a main configuration vh]_]1/2 fr2ho)2
that the cross-shell neutron comes from orbits /1 ,,. The states
21/2% and 23/2% above 7 MeV have a main configuration
vhl_ll/2 f7,2113/2 coupled with the intruder orbit i;3/,. For neg-

ative parity levels, they have a main configuration vhl’ll/2 f72/2
(= 83%). The level 11/2~ at 3.6 MeV is lower than nearby
states that form a spin-trap structure. This will block its de-
cay from electromagnetic transitions, due to the limitation of
selection rules.

The nucleus '*>Sn was first observed in the projectile fis-
sion of 233U at a bombarding energy of 750 A MeV using a

-1 .
7t | ™sn (vh1'11d3'1) v h11 1:7 |1,3/'/'

1 e
v h11 f7h9/,’,/.

Lev’
10 ——Lev’ ]

1 3 5 7 9 N

13 156 17 19 21 23
2J

FIG. 3. Levels of cross-shell excitations with a main configura-
tion (all > 73%). The label (vh;'d;"') means allowing cross-shell

excitation from both orbits hy;/, and d3;,. The exponent —1(0) of
orbit means allowing one (zero) neutron to cross the N = 82 shell.

Pb target [33]. Its half-life of ground state 7/2~ was measured
at the Radioactive Isotope Factory [11]. However, there is
no datum on its excited states yet. In 1358, calculations are
limited to show cross-shell exciting from both orbits 41, and
d3>. Instead of this situation, we provide results under three
different cross-shell truncations (Fig. 4). The situation with-
out core excitations (VY /2d§/2) is also listed as comparison.
Here, the exponent “0” of orbit means no neutron excited from
this orbit. The situation with core excitations only has little
effects on negative parity levels. The ground state 7/2~ has a
main configuration vf73/2. The levels 5/27,9/27, 11/27, and
15/27 are also belong to this configuration. The levels 17/27,

17 19 21 23

FIG. 4. The negative parity levels under three different trunca-
tions of cross-shell excitations (three labels in corner). The exponent
—1(0) of orbit means allowing one (zero) neutron to cross the
N = 82 shell. Labels close to levels represent main configurations
(= 57%),except state 3/2~ (= 37%) and 13/27 (~41%).
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173

1 3 6 7 9 N

13 15 17 19 21 23
2J
FIG. 5. The positive parity levels under three different trunca-
tions of cross-shell excitations (three labels in corner). The exponent
—1(0) of orbit means allowing one (zero) neutron to cross the N =

82 shell. Labels close to levels represent main configurations (all
> 50%).

19/27,and 21/2~ about 2 MeV are members of configuration
v f72/2h9 /2. The high spin level 23/27 has a main configuration

vf7/2h5/2.
For positive parity levels of '*3Sn (Fig. 5), levels from level
5/2% to 23/2% have a main configuration v f72/2i13 /2. In order

to produce positive parity levels of '*>Sn, it is necessary to
implicate the intruder ij3/, orbital. The state 13 /2% at about
2.5 MeV is lower than levels nearby that forms a spin-trap
structure, which would be a good isomer predicted firstly
by this work. Levels 1/2% and 3/2" are core excitations of
configuration vd3_/'2 f74/2 that a cross-shell neutron occupies the

137 040
al Sn (vh,.d,) ]
4.
93- Vf7 |‘|3 N
)
=3
g 13" 4
ur2F Vf7 h9 4
13
1t 4 ]
f'd B
Viz i 5 Lev
v
7 ——Lev"
0)8 J
1 3 5 7 9 1M1 13 15 17 19 21 23

2J

FIG. 6. The energy levels calculated without cross-shell ex-
citations (label vh) d?). Labels close to levels represent main
configurations (= 51%), except negative parity states of (1/27,3/27,
5/27,9/27,11/27,and 13/2~ > 26%) and positive parity states of
(5/2%,9/2%,13/2%,15/2%, and 17/2% > 34%).

. o 4° + 10"
E | 134 vh'd 3
7 sn| o /f

2J

FIG. 7. The positive parity levels under three different trunca-
tions of cross-shell excitations (three labels in corner). The exponent
—1(0) of orbit means allowing one (zero) neutron to cross the N =
82 shell. Labels close to levels represent main configurations (all
> 68%). Corresponding data (Exp.) are from [32].

orbit v f7,, above the N = 82 shell. There is a large difference
with or without core excitations in low-spin levels 1/2% and
3/2%. Here, the level 3/2% at 2.66 MeV is much lower than
the state 3/2" coupled by intruder orbit i3,».

In '378n, the half-life of ground state was measured by de-
cay curve of delayed neutrons [34]. we predict its ground state
as 7/27 with a main configuration v f75/2 (52%). The levels
9/27,11/27, and 15/27 are also belong to this configuration
(Fig. 6). The first excited state is predicted as level 3/27 at
0.099 MeV, which has 42% of configuration v f74/2d3 /2, and

20% of configuration v f75/2. Level 1/27 has 40% of config-
uration v f74/2d3/2, and 14% of configuration v f74/2d5 /2. Level
3/27 has 42% of configuration v f74/2d3 /2, and 20% of config-
uration v f75/2. Level 5/27 has 26% of configuration v f74/2d3 /25
and 22% of configuration v f3),d3 ,. Level 13/2~ has 48% of
configuration v f74/2d3 2. Level 15/27 has a main configuration
vf75/2 (70%). Levels from 17/2~ to 23/2~ have a main con-
figuration v f74/2h9/2 (= 57%). For positive parity levels, they
have a main configuration v f74/2i13 12(= 51%), except states
of (5/2%, 9/2%, 13/2%, 15/2%, and 17/2% > 34%). The
level 13/2% with 49% of configuration v f74/2i13/2 is lower
than nearby levels that form a spin-trap structure. In order
to produce positive parity levels of '37Sn, it is necessary to
implicate the intruder i;3/, orbital.

B. Even-A
The neutron spectra of !**Sn was first investi-
gated by Shalev and Rudstam [35]. As shown in

Fig. 7, the levels OF, 2%, 4%, and 67 have a main
configuration v f72/2(> 68%), while the level 8% is coupled
by configuration v f7,2h9,, (= 96%). The levels 11 and 77
have a main configuration v f7,2h9,2 (= 95%), while levels
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- A2 0 40
N

5
2J

FIG. 8. The negative parity levels under three different trunca-
tions of cross-shell excitations (three labels in corner). The exponent
—1(0) of orbit means allowing one (zero) neutron to cross the N =
82 shell. Labels close to levels represent main configurations (all
>75%).

3% and 5% have a main configuration v f7/,d3/> (= 86%). The
higher spin levels of 97 and 10" have a main configuration
v fin (= 84%) or vdy) f7yiisn (> 82%). They are
cross-shell excitations with one neutron across the N = 82
shell. Here, the state 97 at 4.357 MeV excited from orbit /1, 2
is much lower than the level at 7.601 MeV excited from orbit
d3>. For negative parity levels of 134Sn, the intruder orbit
i13/2 1s necessary to couple states from 3~ to 10~ (Fig. 8). In
order to produce states with J” from 3~ to 10~ (Fig. 8), it is
necessary to implicate the intruder i3, orbital.

These states have a main configuration v f7,2i13,2 (= 75%).
As cross-shell excitation, the level 2~ at 4.043 MeV is some
lower than 27 at 5.012 MeV coupled by intruder orbit 7;3,,.
Without core excitations (label vAY, ,d3),), the model space
can not produce states 0~ and 1~. The states 0~ and 1~
above 4 MeV have a main cross-shell configuration vd3_/]2 f73/2
(= 76%). The higher 0~ and 1~ states have a main config-
uration vhl’ll/zf%/zim/z (= 87%). Note the level 3~ is always
lower than nearby states among three different truncations.
We predict this level 3~as a good isomer, since the spin-trap
structure can block its y decay to lower levels.

The decay of neutron-rich '**Sn was firstly studied at
CERN/ISOLDE by using a resonance ionization laser ion
source [36]. Lately, delayed y-ray cascades have been ob-
served from the decay of isomer (67) in semimagic nucleus
136Sn [37]. As shown in Fig. 9, levels 0T, 4*, 61, and 8% have
a main configuration v f74/2 (= 55%). Levels 21 and 5% have
the biggest configuration vf74/2 (= 41%). Levels 17, 37, 7T,
and 9% have a main configuration v f73/2d3 2 (= 56%). Level
10" has a main configuration v f73/2h9 /2 (= 79%). In order to
produce states with J™ from 3~ to 10~ (Fig. 10), it is necessary
to implicate the intruder i3/, orbital.

These states have a main configuration v f73/2i 1372 (= 57%),
except states 4~ (= 35%) and 57 (= 45%). The levels 0~, 17,

o 1 2 3 4 5 6 7 8 9 10
2J

FIG. 9. The positive parity levels under three different trunca-
tions of cross-shell excitations (three labels in corner). The exponent
—1(0) of orbit means allowing one (zero) neutron to cross the
N = 82 shell. Labels close to levels represent main configurations
(=55%), except 2% (= 41%) and 5T (= 49%). Corresponding data
(Exp.) are from [32].

and 27 around 4 MeV have a big percentage of cross-shell
configuration vdy ) f7),. The level 2 at 3.690 MeV has 63%

of configuration vd3_/£ f75/2, which is much lower than the one
coupled by orbits f7/, and 713,,. Level 17 at 3.960 MeV has
27% of cross-shell configuration vd;/; f75/2, as well as 34% of
configuration v f73/2i13 2. The level 07 at 4.174 MeV has 46%
of cross-shell configuration vd;/; f75/2, and 31% of another

cross-shell configuration vd3_/12 f74/2d3/2. The state 3~ forms a
spin-trap structure whenever with or without core excitations.

2y 0 40
vf h9 i1 —— vh'd.

136 b
SnI

5
2J

FIG. 10. The negative parity levels under three different trunca-
tions of cross-shell excitations (three labels in corner). The exponent
—1(0) of orbit means allowing one (zero) neutron to cross the
N = 82 shell. Labels close to levels represent main configurations
(=57%), except 0~ (= 40%), 1= (= 27%), 4= (= 35%), and 5~
(= 45%).
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This state 3~ of '*°Sn is predicted as a good isomer, due to the
y decay blocked by the spin-trap structure.

VI. CONCLUSIONS

In this work, we investigate spectroscopic factors and level
spectra in neutron-rich Sn isotopes with the model space in-
cluding both core excitations and intruder orbit i;3/,. Here are
the main conclusions:

(1) In 13'Sn, the second group of single particle states is
well investigated by spectroscopic factors and configurations.
The state 13/2% is predicted at 4.8 MeV with a small value
of spectroscopic factor relatively (about 0.20). The configura-
tional structure shows that the competition driven by double
cross-shell excitations weakens the single particle properties
of this high-lying state 13/2%.

(2) In '33Sn, the low-lying states and cross-shell excitations
are studied from level 1/2~ (1/2%) to 23/2™ (23/27). With
a spin-trap structure, the level 11/27 at 3.6 MeV is pre-
dicted as a good isomer coupled by cross-shell configuration
LLIVNE e

(3) In order to produce positive-parity states of '3°Sn, it is
necessary to implicate the intruder i;3/, orbital. The state 3/ 2+
is predicted at 2.66 MeV with a main cross-shell configuration
vd3_/12 f74/2. With a spin-trap structure, the state 13/2% at about
2.5 MeV is predicted as a good isomer coupled by intruder
orbit i3 /2-

(4) In order to produce negative-parity states of '*136Sn,
it is necessary to implicate the intruder i3/, orbital. The level

3~ is predicted as a good isomer in '**Sn (!3*Sn), due to the y
decay blocked by the spin-trap structures.

(5) In '¥7Sn, the ground state is predicted as level 7/2~
with a main configuration v f75/2 (52%). The level 13/27 is pre-
dicted at about 2.1 MeV with 49% of configuration v f74/2i 13/25
which is lower than nearby levels that forms a spin-trap struc-
ture. Without competition of cross-shell excitation by freezing
orbits under N = 82, this state 13/2* of '¥’Sn has a good
single-particle property indicated by spectroscopic factor.

The results of this study can provide insight into the be-
havior of nucleons at the limits of stability and aid in the
understanding of the properties of neutron-rich nuclei. This
research emphasizes the importance of the intruder orbit i3/
to explain level spectra of neutron-rich Sn isotopes. These
predictions should provide useful guidance for further experi-
ments in these nuclei regions.
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