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Abstract: In this study, we investigate the robustness of pair structures for nuclear yrast states, that is, whether the
structures of relevant collective pairs as building blocks of different yrast states are the same. We focus on deformed
and transitional nuclei and study the yrast states of 28Si, 59Cr, and 132Xe, whose experimental Ry /2 values are 2.60,
2.40, and 2.16, respectively, using the nucleon-pair approximation (NPA) and shell-model effective interactions. For
each yrast state, we consider optimized pair structures to be those providing the energy minimum for this state. To
find the minimum, many full NPA calculations are performed with varying pair structures, and the numerical optim-
ization procedure of the conjugate gradient method is implemented. Our results suggest that optimized pair struc-
tures remain the same for all states within a rotational band of a deformed nucleus. Our results also suggest that after
backbending, that is, changing of the intrinsic state, the structure of the S pair, which is essential to build the mono-
pole pairing correlation, remains approximately unchanged, whereas the structures of the non-S pairs, which are es-
sential to build the quadrupole correlation, change significantly.
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I. INTRODUCTION

Atomic nuclei are complicated many-body systems
composed of protons and neutrons. With exact treatment
of all correlations among valence nucleons, the spherical
shell model (SM) is able to provide a good description of
not only the low-lying states of spherical nuclei but also
those of transitional and deformed nuclei (see, for ex-
ample, Refs. [1-6]). In addition, it has been shown that
collective motions also emerge in the description of the
no-core shell model for light nuclei [7-9]. Yet, for most
transitional and deformed nuclei in the medium-heavy
and heavy regions, the full SM space is too large, which
prohibits diagonalization.

Owing to the attractive and short-range characterist-
ics of effective nucleon-nucleon interactions, the pairing
correlation plays a crucial role in atomic nuclei and nuc-
lear matter [10], and low-energy nucleon pairs are be-
lieved to be key building blocks for the low-lying states
of nuclei [11]. Significant efforts have been devoted to
various pair-truncation schemes, such as BCS theory

[12—16] and the generalized seniority scheme [17, 18],
where the spin-0 S-pair correlation is emphasized, and the
interacting boson model (IBM) [19-23], where collective
spin-0 S and spin-2 D pairs are represented by sd bosons.
The nucleon-pair approximation (NPA) [24, 25] is also a
pair-truncation scheme. In the NPA, collective nucleon
pairs with arbitrary spins can be adopted to build the con-
figuration space and are treated exactly in the technique
[26, 27]. When all possible pairs are considered, the NPA
results are exactly equivalent to the SM results; when
only a few selected pairs are considered, the SM space is
efficiently truncated.

The structures of collective pairs play a crucial role in
the validity of pair truncations. In the NPA, pair struc-
tures are usually determined within the generalized seni-
ority scheme, or in a scheme where the S-pair structure is
defined based on a spherical BCS state and the D pair is
taken to be the two-particle state corresponding to the
quadrupole excitation out of the S pair [28, 29]. For
spherical nuclei, that is, semi-magic nuclei and open-shell
nuclei close to doubly-magic nuclei, it has been shown

Received 16 January 2023; Accepted 6 March 2023; Published online 7 March 2023
* Supported by the National Natural Science Foundation of China (11875134, 11875188, 12175071, 11975151, 11961141003), and the Shanghai Key Laboratory of

Particle Physics and Cosmology (21DZ2271500-2)
" E-mail: yycheng@phy.ecnu.edu.cn

©2023 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

064102-1


http://orcid.org/0000-0001-9945-1685
http://orcid.org/0000-0002-8448-1707
http://orcid.org/0000-0001-5127-8449

Yi-Fei Pan, Yi-Yuan Cheng, Yi Lu et al.

Chin. Phys. C 47, 064102 (2023)

that using one set of collective pairs whose structures are
defined within the generalized seniority scheme, the SM
wave functions of different low-lying states can be rep-
resented by corresponding NPA wave functions [30, 31]
and furthermore well approximated to be one-dimension-
al pair states [32—34].

For transitional and deformed nuclei, the quadrupole
collectivity has (well) developed, and its interplay with
the pairing correlation is key for a good description of the
low-lying states of these nuclei. Recently, the three ap-
proaches outlined below were presented to optimize the
structures of coupled collective pairs. Using these, im-
proved descriptions of the low-lying states of transitional
and deformed nuclei were achieved. First, collective pairs
are defined based on a Hartree-Fock state [35, 36];
second, collective pairs are defined based on a condens-
ate of uncoupled collective pairs [37, 38]; and third, pair
structures are numerically optimized to give the energy
minimum for the ground state in the NPA calculation
[39].

Yet, one fundamental question remains unanswered,
that is, whether the structures of relevant collective pairs
are robust throughout low-lying yrast states. In this study,
we investigate the robustness of pair structures along the
yrast lines of deformed and transitional nuclei. For each
yrast state, we consider optimized pair structures to be
those providing the energy minimum for the state. To
find the minimum, many full NPA calculations with vary-
ing pair structures are performed, and the numerical op-
timization procedure of the conjugate gradient method is
implemented. This paper is organized as follows: In Sec.
II, we give a brief introduction to our theoretical frame-
work, including pair basis states and the SM Hamiltonian
with an effective interaction. Sec. III presents and dis-
cusses our results. In Sec. IV, we summarize our study.

II. THEORETICAL FRAMEWORK

A. Nucleon-pair basis states

We start with the definition of a collective nucleon
pair. The creation operator of a collective pair with spin r
is defined by

AT = ADT = "y anAY G2
Jii2

H=Y" Hy+Hy,

o=n,y

e O (o O
AV (ij2) = AT (uj2) = (d}] xa})ﬂ , (D

" L. . . (r)
where AV7(j, j») is anon-collective pair, and (a; X al) -
J1 J ll

S Clo @i @5 s with €%, as the Clebsch-
Gordan coefficient. Here, we denote the creation operat-
or of a particle in the orbit associated with the quantum
numbers (n, 1, j,m) using a’ m = =a,, im- A collective pair cre-
ation operator AT is given by the linear combination of
all non-collective pairs with spin 7. y(j,j>r) are the so-
called structure coefficients, which define the structure of
the collective pair.

Pair basis states are constructed by coupling nucleon
pairs successively. For a system with 2N identical

valence nucleons, the pair basis state is given by

[(A(Vu)T XA(rg)Jr)(Jg) Koon XA(V;»)T](J.«r)|0> . (2)

B. Shell-model Hamiltonian with an effective
interaction

The shell-model Hamiltonian with an effective inter-
action is given in a form with isospin symmetry,

Vir(jij2Jjzja)
H= Zst +ZZZZ VA +6;)0+6,5)

Jigh Ji<js IM TM;

X Al G 7)Aoy, (o) - 3)

Here, N;=>",.; jm.Ta jmiz, With 7 as the isospin projec-
tion of the orbit. The pair creation operator with both
good spin J and isospin 7 is given by

G = Y O T
MMT (.11./2)_ ClumllzmzC*Tl Tzajlmw TlajZmZ%Tl '

mm,; 7,7,

g; are single-particle energies, and V;r(ji j2j3j4) are nor-
malized two-body interaction matrix elements.

In the NPA calculation, we decompose the above SM
Hamiltonian into proton, neutron, and proton-neutron
parts, that is,

' (.]l(r]Zo') X A( )(J30'J40'))

Vir=1(j1j2J3j4) AT
Hy 2‘9/”/ + Z Z Z A+, ,)(0T+6)5) 7(A
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Here, n; = Za;m“jm’ J=+2J+1, and for the time-re-

m
versed operator of single-particle (or pair) destruction, we
use the convention &, =(-)""a;_, . To calculate the

Hey=Y >3 (Z(—)“f'*f*(zu 1){ I ’.',V
J

s
ek Jd. K v Jx

Here, QW (j,j) = (a;r xaj;)®, and {j:f ; Z} is the 6j-sym-
bol.

III. RESULTS AND DISCUSSIONS

In this study, we investigate the robustness of pair
structures for nuclear yrast states, that is, whether the
structures of relevant collective pairs as building blocks
of different yrast states are the same. We focus on de-
formed and transitional nuclei because the pattern for
spherical nuclei can be inferred from previous studies
[30—34]. We investigate the yrast states of three selected
examples, 28Si, °Cr, and '*?Xe, using the NPA and
(realistic) effective SM interactions. 28Si, 3°Cr, and ¥?Xe
have experimental R4/, values of 2.60, 2.40, and 2.16, re-
spectively, and are thus expected to represent nuclei with
different degrees of quadrupole collectivity. Meanwhile,
the valence particles of these three nuclei reside in differ-
ent major shells, that is, the 0d1s shell, 0f1p shell, and
50-82 shell consisting of 0g7/21d2s orbits and the 0h; /2
intruder orbit.

For each nucleus, we perform two sets of NPA calcu-
lations, denoted as NPA-1 and NPA-2. Considering col-
lective pairs with given spins and parities,

e in NPA-1, pair structures are optimized with regard
to each yrast state and then adopted to build the NPA
wavefunction of the corresponding yrast state;

e in NPA-2, pair structures are optimized with regard
to the ground state and then adopted to build the NPA
wavefunctions of all considered yrast states.

We compare the results of the NPA-1 and NPA-2 cal-
culations, and calculate explicit overlaps between the two
sets of NPA wavefunctions. In doing so, we study wheth-
er the optimized pair structures of each yrast state remain

[
matrix elements of H,, in the NPA, we further express
H,, in terms of proton-neutron multipole-multipole inter-
actions. Denoting jir = jr, jov = jvs J3x = Jh, and ja, = jl,
we have

©0)

} v;W(jnjvj;j;)) k(0P Gr ity x 0P (v ji) (5)

I
unchanged in comparison with those optimized with re-
spect to the ground state. We also present available SM
results for comparison.

We denote the state with respect to which pair struc-
tures are optimized, to be the reference state. The energy
of the reference state (denoted as E™) can be regarded as
a function of the structure coefficients of all adopted
pairs,

E™ (31,250 » (6)

because the NPA wave function and corresponding en-
ergy for a state are obtained via diagonalization in the
configuration space spanned by the nucleon-pair basis
states in the form of Eq. (2). Here, y; denotes the ith pair-
structure coefficient. We consider optimized pair-struc-
ture coefficients to be those providing the energy minim-
um for the reference state because the reference state is
taken to be a yrast state in all cases in this study. Similar
to the numerical procedure of Ref. [39], with which pair
structures were optimized with respect to the ground
state, in this study, to find the minimum E™ for each ref-
erence state, many full NPA calculations with varying
Y1,¥2,--.yn are performed, and the numerical optimiza-
tion process of the conjugate gradient method [40] is im-
plemented.

A. 28Siand *°Cr

We start with 28Si and *°Cr. For 28Si, we use the US-
DB effective interaction of the Odls shell [41], and for
NCr, we use the KB3G effective interaction of the 0f1p
shell [42]. For the two nuclei, we consider S DG pairs for
both the proton and neutron parts in the NPA calcula-
tions, and the pair structures are determined as previ-
ously described.

We first discuss the yrast states of 28 Si, whose experi-
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Fig. 1. Excitation energies given by the NPA-1 and NPA-2

calculations, in comparison with experimental data [43] and
the SM results, for the yrast states of 2Si. In NPA-1, the
structures of the adopted S DG pairs are optimized with regard
to each yrast state and then used to build the corresponding
yrast state. In NPA-2, the pair structures are optimized with
regard to the ground state and then adopted to build all the
considered yrast states. In the SM calculation, all possible
pairs are adopted to construct the full valence space. The US-
DB effective interaction [41] is used in the three sets of calcu-
lations.

mental R4/, is 2.60. In Fig. 1, we present the calculated
excitation energies of the yrast states of 28Si given by the
NPA-1 and NPA-2 calculations, in comparison with ex-
perimental data [43]. We also perform an SM calculation
for 28Si, in which all possible pairs are adopted to con-
struct the full valence space. In Fig. 2, we present the the-
oretical and experimental results of the E2 transition en-
ergies. In Table 1, we present the quadrupole moments
given by the three sets of calculations as well as avail-
able experimental data [43]. The effective charges are
taken to be the standard values e, = 1.5¢ and e, = 0.5e. As
shown in Figs. 1 and 2 and Table 1, the results given by
the SM, NPA-1, and NPA-2 calculations are close to each
other. Moreover, as shown in Figs. 1 and 2, the experi-
mental excitation and transition energies are well repro-
duced by the three sets of calculations.

Now, we discuss the yrast states of 28Si from the per-
spective of collective rotation. In the description of the
rotation of an axially symmetric nucleus, energies of
states within a K =0 band (with K denoting the angular-
momentum projection of the intrinsic state along the in-
trinsic symmetry axis) follow the pattern below (see, for
example, Ref. [44]).

2

h
E(I):Eo+gl(1+l), @)

where J denotes the moment of inertia with respect to
the rotation axis, which is perpendicular to the intrinsic

T T T T
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Fig. 2.
E(I)- E(I-2), versus the spin of the initial state /, given by the

(color online) E2 transition energy, denoted as

NPA-1 and NPA-2 calculations, in comparison with experi-
mental data [43] and the SM results, for the yrast states of
238i.

symmetry axis. Furthermore, the observed quadrupole
moments Q for states within a rotational band are related
to the quadrupole moment of the intrinsic state (denoted
as Q™) as below (see, for example, Ref. [44]).

3KZ-I(I+1)

intr.
I+ 1)(21+3)Q ’ ®

o) =

As shown in Figs. 1 and 2, for the yrast states of 28Si,
the level structure, as well as the approximate linear be-
havior of the E2 transition energy versus the spin of the
initial state, is consistent with Eq. (7). In addition, based
on the quadrupole moment O, we calculate the intrinsic
moment Q"™ using Eq. (8) inversely and with K = 0. The
results are presented in Table 1, where the Q™" values
given by the O values of the 27, 47, 67, and 87 states are
close to each other. This suggests that the considered
yrast states of *®Si manifest as members of a rotational
band.

In Fig. 3, we present the explicit overlaps between the
SM and NPA-1 wavefunctions, the SM and NPA-2 wave-
functions, and the NPA-1 and NPA-2 wavefunctions for
the yrast states of 28Si. As shown, these overlaps are all
close to 1. The overlaps between the SM and NPA-1
wavefunctions suggest that for the considered yrast states
of Si, the SM wavefunctions are well represented by
the wavefunctions of S DG-pair approximation with op-
timized pair structures. It is worth noting that for a sys-
tem with six neutrons and six protons in the sd shell, the
result of Elliot's SU(3) model [45, 46] suggests two de-
generate ground bands, which are shown in Ref. [47] to
be exactly reproduced by S D-pair approximation and
S DG-pair approximation. Yet, for the realistic case, that
is, for 2Si, G pairs are essential in reproducing the
ground band of the SM result according to our calcula-
tion. In other words, such a degeneracy in Elliot's model
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Table 1.

Quadrupole moments Q and intrinsic quadrupole moments Q™" (both in units of efm?) given by the NPA-1 and NPA-2 cal-

culations, as well as the SM results and available experimental data [43] for the yrast states of 28 Si. In the three sets of calculations, the
effective charges are taken to be the standard values e, = 1.5¢ and e, = 0.5¢. Based on the Q value, Eq. (8) is used inversely with K =0

to obtained the Q" value.

Expt. SM NPA-1 NPA-2
Q Qin(r. Q Qimr, Q Qimn Q Qimr.
2}' 16(3) =56(11) 20.9 -73.2 21.3 —74.4 21.0 -73.6
4}' - - 25.6 -70.4 26.1 -71.9 25.7 -70.8
61+ - - 31.6 =789 31.8 =79.5 31.6 =79.0
81+ - - 29.1 -69.1 30.3 -72.0 29.5 -70.1
ne = o 1.
10 @ ::] @ @ @ 110 10 10+ 10+
6 | -6
08} Jo.8 o 8+
) > g+ g+
5 06} Jo06 2 L 4
g s ° 6+ 6+ ¢
~ 6+ 6+
04} O- SM and NPA-1 0.4 m’*
<+ SM and NPA-2 2| 4+ 4+ 4+ 4+ J2
02F . Q- NPA-1and2 102
2+ 2+ 2+ 2+
0.0 . . . . . 0.0 o 0+ 0+ 0+ ]
0 2 4 6 8
spin of state Expt. SM  NPA-1 NPA-2
Fig. 3. (color online) Overlaps between the SM and NPA-1 Fig. 4. Excitation energies given by the NPA-1 and NPA-2

wavefunctions, the SM and NPA-2 wavefunctions, and the
NPA-1 and NPA-2 wavefunctions, for the yrast states of 23 Si.

is broken. In Fig. 3, the overlaps between the NPA-1 and
NPA-2 wavefunctions suggest that for a deformed nucle-
us, optimized pair structures remain the same in all the
states within a rotational band.

Next, we discuss the yrast states of *°Cr, whose ex-
perimental R4/, is 2.40. In Figs. 4 and 5, we present the
excitation and E2 transition energies given by NPA-1 and
NPA-2, in comparison with experimental data [43] and
the SM results of Ref. [36]. In Table 1, we present the
quadrupole moments and corresponding intrinsic quadru-
pole moments given by the NPA-1 and NPA-2 calcula-
tions, as well as the SM results of Ref. [2] and available
experimental data [43]. In the SM calculation of Ref.
[36], the KB3G effective interaction was adopted, the
same as in our NPA calculations. In the SM calculation of
Ref. [2], the KB3 effective interaction [48] was adopted.
The KB3 [48] and KB3G interactions [42] are two ver-
sions of the Kuo-Brown interaction [49] with small modi-
fications. According to Ref. [42], the two interactions are
approximately equivalent in describing the low-lying
states of °Cr. For effective charges, the standard values,
that is, e, = 1.5¢ and e, =0.5¢, are adopted in both our
NPA calculations and the SM calculation of Ref. [2].

In Figs. 4 and 5, up to the 87 state, the excitation and
transition energies given by the three sets of calculations

calculations, in comparison with experimental data [43] and
the SM results [36], for the yrast states of 3°Cr. The pair struc-
tures for °Cr in NPA-1 and NPA-2 are determined in the
same ways as those for 28 Si. In both our NPA calculations and
the SM calculation of Ref. [36], the KB3G effective interac-
tion [42] is used.

E T T T T T 1
4F m Expt 3
S | o-sMm
2 3fp ¥ NPAL ;
S | ~+-NPA22
~ I -
o 2F —~0 3
i E e 3
S 1F "~ = *
E 1 1 1 1 1 E
2 4 6 8 10
1
Fig. 5. (color online) E2 transition energy versus the spin of

the initial state given by the NPA-1 and NPA-2 calculations,
in comparison with experimental data [43] and the SM results
[36], for the yrast states of S°Cr.

are close to each other, and the experimental data are well
reproduced. In Table 2, the quadrupole moments given by
NPA-1 are close to the SM results of Ref. [2], which in-
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dicates that the NPA-1 and SM wavefunctions should be
close to each other.

As shown in Table 2, for the SM results [2] and our
NPA-1 results, the Q""" value changes significantly, that
is, the sign changes, at the 10} state. This indicates back-
bending at the 107 state in the two sets of descriptions,
which is also consistent with the HFB description given
in Ref. [2]. In contrast, for the NPA-2 results, the Q™"
value remains almost the same for all the yrast states up
to [107), which indicates no backbending in the descrip-
tion given by NPA-2. In Fig. 6, we present the overlaps
between the NPA-1 and NPA-2 wavefunctions. The over-
laps are close to 1 for the yrast states up to [87). In con-
trast, the overlap for the 107 state is small, that is, ~0.45.
Theses indicate that optimized pair structures remain the
same in the states within a rotational band, which is con-
sistent with the case of 28Si discussed previously, where-
as optimized pair structures change substantially when
backbending occurs, that is, when the structure of the in-
trinsic state changes.

In Fig. 6, we also present the overlap between the S-
pair condensate state constructed by the S pairs of NPA-1
and that constructed by the S pairs of NPA-2. Recall that
in NPA-1, the structures of the S DG pairs are optimized
to give the energy minimum for the reference state and
then used in building this reference state, whereas in
NPA-2, the structures of the S DG pairs are optimized to
give the energy minimum for the ground state and then
used in building all the yrast states considered in this
study. Here, the overlap between the two S-pair condens-
ate states is presented versus the spin of the correspond-
ing reference state in NPA-1. The results are all close to
1, suggesting that the structure of the S pair, which is the
key to building the pairing correlation, remains the same
along the entire yrast line. In other words, it is robust with
regard to the change in the intrinsic state.

B. !32Xe

Finally, we discuss the yrast states of '3>Xe, whose
experimental R4/, value is 2.16. We present our NPA-1

Table 2.

and NPA-2 results in comparison with experimental data
[5, 6, 43]. In the NPA calculations, the monopole-optim-
ized effective interaction for the 50 —-82 major shell of
Ref. [50], which is based on a G-matrix interaction [51]
renormalized from the CD-Bonn potential [52], is adop-
ted. For comparison, we also present the SM results of
Refs. [5, 6], both of which adopted the jj55 interaction
[53]. The jj55 interaction [53] is an effective interaction
renormalized from the CD-Bonn potential [52] via the G-
matrix and Q-box methods [51] successively, and with
the Coulomb interaction additionally included.

For the pair configuration space, we consider collect-
ive S DG pairs for both the proton and neutron parts. Be-
cause non-collective pairs coupled by two k1, neutron
holes, particularly those with high spins, are important in

12f 112
1.0} n—a—:&\&-\%e —x% 110
08| 40.8
g
= 06} Jo0.6
: °
S 04F 404
0.2 40.2
—@—NPA-1 and 2
0.0 | - S-pair condensates of NPA-1 and 2 40.0
0 2 4 6 8 10
spin of state
Fig. 6. (color online) Overlap between the NPA-1 and NPA-

2 wavefunctions for the yrast states of 3°Cr, and the overlap
between the S-pair condensate state constructed by the S pairs
of NPA-1 and that constructed by the S pairs of NPA-2. For
the latter, recall that in NPA-1, the structures of the S DG pairs
are optimized to give the energy minimum for the reference
state, and in NPA-2, the structures of the SDG pairs are op-
timized to give the energy minimum for the ground state.
Here, the overlap between the two S-pair condensate states is
presented versus the spin of the corresponding reference state
in NPA-1.

Quadrupole moments Q and intrinsic quadrupole moments Q™ (both in units of efm?) given by the NPA-1 and NPA-2 cal-

culations, as well as the SM results [2] and available experimental data [43], for the yrast states of 3°Cr. In the SM calculation of Ref.
[2], the KB3 effective interaction [48] was adopted, which is approximately equivalent to the KB3G interaction [42] in describing the
low-lying states of 3°Cr according to Ref. [42]. The standard effective charges e, = 1.5¢ and e, = 0.5¢ are adopted in both our NPA cal-
culations and the SM calculation of Ref. [2]. Based on the Q value, the Q"™ value is obtained in the same way as that for 23 Si.

Expt. SM NPA-1 NPA-2
Q Qimr. Q Qintr. Q Qimr. Q Qinlr.
2F -36(7) 126(25) -26.8 93.8 -30.3 105.9 -30.0 104.9
4 - - -33.1 91.0 -38.0 104.5 -38.2 105.1
6 - - -17.7 443 -37.6 94.0 -40.4 101.0
8t - - -17.1 40.6 -26.8 63.6 -40.0 95.0
107 - - 237 -54.5 20.7 -476 -38.1 87.7
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building the low-lying states of nuclei in the '32Sn region
with N <82 [33, 37, 54-58], we adopt additional non-
collective pairs of two &1/ neutron holes with spins of
6,8, 10, that is, (a,:H/z xa,zwz)(” with J =6,8,10. For brev-
ity, such non-collective pairs are denoted as H pairs. Note
that the pair structures of collective pairs are optimized as
described previously with the presence of the non-collect-
ive pairs, that is, the optimized collective S DG pairs and
non-collective H pairs together provide the energy min-
imum for the reference state (ground state) in the NPA-1
(NPA-2) calculation.

In Figs. 7 and 8, for the yrast states of '3?Xe, we
present the excitation and E2 transition energies given by
NPA-1 and NPA-2, in comparison with experimental data
[5, 43] and the SM results [5]. In Table 3, we present the
B(E2) values and g factors for the yrast states given by
NPA-1, in comparison with available experimental data
[43] and the SM results [6]. The effective charges for
B(E2) adopted in the NPA-1 calculation are e, = 1.5¢ for
valence protons and e, = —0.68¢ for neutron holes, and
the orbital and spin g factors are taken to be gt = 1.13uy
and g$ =5.586x0.7uy for valence protons, and gl = Ouy
and g3 =-3.826x0.7uy for neutron holes. The effective
charges and proton orbital g factor are optimized via fit-
ting to available experimental data. As shown in Figs. 7
and 8, the experimental excitation energies and E2 trans-
ition energies are well reproduced by the NPA-1 calcula-
tion up to the 127 state. As shown in Table 3, the avail-
able experimental B(E2) values and g factors are reason-
ably well reproduced by our NPA-1 calculation and the
SM calculation of Ref. [6].

For transitional nuclei, one might expect a low-lying
yrast state to be a mixture of spherical configurations and
deformed ones. In Figs. 7 and 8, the results of NPA-1 in-
dicate that the quadrupole collectivity develops in the 27,
47, and 67 states but deteriorates dramatically in the 8}
and 107 states. After the 10} state, the quadrupole col-
lectivity develops again in the 12} and 14} states. In oth-
er words, deformed configurations play an important role
in the 27, 41, 67, 127, and 147 states, whereas spherical
configurations are dominant in the 8] and 107 states.

In Fig. 9, we present the overlap between the NPA-1
and NPA-2 wavefunctions. The overlaps are all close to 1
up to the 107 state, whereas for the 127 and 147 states,
the overlaps decrease. Because pair structures are robust
in different spherical states [30—34], we expect that the
above decrease is due to the difference between the struc-
tures of pairs as building blocks of the important de-
formed configurations for the 127 and 147 states and
those of pairs as building blocks of the important de-
formed configurations for the 27, 47, and 6] states. In
Fig. 9, we also present the overlap between the NPA-1
wavefunction and the wavefunction (denoted as NPA-1")
built solely by the SDG pairs of NPA-1, that is, without
including the H pairs. These overlaps suggest that the

6 -6
| 132Xe| ]
14+
5 =15
L (149 14+
14+
- 4r 12+ 4
2 — (129 12+ 12+
S 3 oy 8 T
=2 —<?6+ —_—o+ 10+
9L (6+) 6+ 6+ 6+ 42
B
r 4+ 4+ 4+ 4+
1F -1
| 2+ 2+ 2+ 2+ |
0 0+ 0+ 0+ 0+ 40
Expt. SM NPA-1 NPA-2
Fig. 7. Excitation energies of the yrast states of '32Xe given

by the NPA-1 and NPA-2 calculations, in comparison with ex-
perimental data [5, 43] and the SM results [5]. The collective
SDG pairs and non-collective neutron-hole pairs, (azl]/zx
azmz)(” with J = 6,8,10, are adopted. For 132Xe, with the pres-
ence of the non-collective pairs, the structures of the collect-
ive pairs in NPA-1 and NPA-2 are optimized in the same
ways as those for 2Si and °Cr. In our NPA calculations, the
monopole-optimized realistic effective interaction of Ref. [50]
is used. For the SM results taken from Ref. [5], the realistic
effective interaction j;j55 [53] is used.
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Fig. 8. (color online) E2 transition energy versus the spin of

the initial state given by the NPA-1 and NPA-2 calculations,
in comparison with experimental data [5, 43] and the SM res-
ults [5], for the yrast states of 132 Xe.

non-collective H pairs are approximately irrelevant in the
27, 47, and 67 states but are essential in the 127 and 147
states. This indicates that the important deformed config-
urations for the 127 and 14} states and those for the 27,
4%, and 67 states might correspond to two different in-
trinsic states. Then, we find that the results for the trans-
itional '32Xe nucleus is consistent with the previous con-
clusion drawn for the deformed *°Cr nucleus, that is, the
change in the optimized pair structures along the yrast
line of a deformed nucleus arises from the change in the
intrinsic state.
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Table 3.
units of uy) for the yrast states of 132Xe given by the NPA-1

B(E2) values (in units of W.u.) and g factors (in

calculation, in comparison with available experimental data
[43] and the SM results [6]. The effective charges for B(E2)
adopted in the NPA-1 calculation are e, = 1.5¢ for valence pro-
tons and e, = —0.68¢ for neutron holes, and the orbital and spin
g factors are taken to be g/ = 1.13uy and gi = 5.586x0.7uy for
valence protons, and g/, = Ouy and g} = —3.826 x0.7uy for neut-
ron holes. For the SM results taken from Ref. [6], neither the
effective interaction nor the effective charges are the same as
those adopted in this study.

B(E2) (W.u.)
Expt. SM NPA-1
2F - 0F 23.1(15) 24.4 18.5
4 -2t 28.6(23) 35.1 317
g factor (uy)
Expt. SM NPA-1
27 0.3255(120) 0.336 0.342
47 0.60(10) 0.407 0.328
107 (-)0.195(5) - -0.213
12} 1.2
10 = % % R Y % ¥ 41.0
n [ —— s *\o—o
0.8 | 40.8
2
S 06} {06
o
)
2 oaf Joa
021 o NPA-Tand2 m 1%
—Q— -1 an
0.0 | —® NPA-land1’ \- - = Joo
¥~ S-pair condensates of NPA-1 and 2
0 2 4 6 8 10 12 14
spin of state
Fig. 9. (color online) Overlap between the NPA-1 and NPA-

2 wavefunctions, and the overlap between the NPA-1 and
NPA-1’ wavefunctions, for the yrast states of 132 Xe. In NPA-
17, the pair configuration space is constructed solely by the
S DG pairs of NPA-1, that is, without including non-collective
H pairs. The overlap between the S-pair condensate state con-
structed by the S pairs of NPA-1 and that constructed by the §
pairs of NPA-2 versus the spin of the corresponding reference
state in NPA-1 is also presented.

In Fig. 9, we also present the overlap between the S-

pair condensate state constructed by the S pairs of NPA-1
and that constructed by the S pairs of NPA-2 versus the
spin of the corresponding reference state in NPA-1. As
shown in Fig. 6, regarding the deformed >°Cr nucleus, the
S-pair structure is robust with respect to the change in the
intrinsic state, whereas the structures of the DG pairs
change significantly. Meanwhile, for a spherical nucleus,
the structures of all relevant pairs are robust along the
yrast line [30-34]. Then, one would expect that the S-pair
structure remains the same along the entire yrast line of
the transitional 32Xe nucleus, which is indeed the case,
as shown in Fig. 9.

IV. SUMMARY

In this study, a fundamental problem in the validity of
pair truncations is rigorously studied, to the best of our
knowledge, for the first time, that is, whether the struc-
tures of relevant collective pairs are robust throughout
low-lying yrast states. The yrast states of 28Si, *°Cr, and
132X e, which have experimental Ry, values of 2.60, 2.40,
and 2.16, respectively, and are expected to represent nuc-
lei with different degrees of the quadrupole collectivity,
are studied using the NPA and (realistic) effective SM in-
teractions. For each yrast state, we consider optimized
pair structures to be those providing the energy minimum
for this state. To find the energy minimum for a yrast
state, many full NPA calculations with varying pair struc-
tures are performed, and the numerical optimization pro-
cess of the conjugate gradient method is implemented.

The results of ?8Si suggest that optimized pair struc-
tures remain the same for all the states within a rotational
band. The results of >°Cr are consistent with those for
28Si and further suggest that the structure of the S pair,
which is essential in building the monopole pairing cor-
relation, is also robust with respect to backbending, that
is, to the change in the intrinsic state, whereas the struc-
tures of the non-S DG pairs, which are essential to build-
ing the quadrupole correlation, change significantly. In
other words, one must take special care when backbend-
ing occurs. For the transitional '*?Xe nucleus, we con-
sider its yrast states as mixtures of spherical and de-
formed configurations, and the pattern in regard to the ro-
bustness of pair structures along its yrast line is consist-
ent with that for the deformed nuclei shown in this paper
and that for spherical nuclei inferred from previous stud-
ies [30-34].
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