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Abstract: The recently developed relativistic-mean-field in complex momentum representation with the functional
NL3* was used to explore the exotic properties of neutron-rich Pd, Cd, Te, and Xe isotopes. The results were com-
pared with those obtained using the relativistic Hartree-Bogoliubov (RHB) calculations and available experimental
data. The single-particle levels were obtained for the bound and resonant states. The two neutron separation energies
S, and root mean square (rms) radii agree with the experimental data. It is shown that there is a halo structure in
extremely neutron-rich 104180 Te and 164-182X¢, as well as a thick neutron skin in extremely neutron-rich Pd and
Cd isotopes. From the numbers of neutrons (N, ) and (%, ) occupying the levels above the Fermi surface and zero-po-
tential energy level, it was found that pairing correlations play an important role in the formation of halo phenomena.
These findings are further supported by investigating S;,, rms radii, occupation probabilities, contributions of
single-particle levels to the neutron rms radii, and density distributions. The neutron rms radii increased sharply,
evidently deviating from the traditional rule r o« N'/3, and the density distributions were very diffuse. Finally, the
contributions of different single-particle levels to the total neutron density and wavefunction are discussed. It was
found that the sudden increase in the neutron rms radii and diffuse density distributions mainly arise from the reson-

ant levels with a lower orbital angular momentum near the continuum threshold.
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I. INTRODUCTION

The planning, construction, and upgrading of large-
scale radioactive nuclear beam devices worldwide have
extended the study of atomic nuclei from stable to exotic
nuclei far from the f-stability line. Research on exotic
nuclei is one of the most prominent and challenging fron-
tier topics in nuclear physics, both experimentally [1—4]
and theoretically [5—10]. Many interesting phenomena
have been observed in weakly bound nuclei, especially in
those with extreme N/Zratios, including the neutron (pro-
ton) halo, change in magic numbers, and pygmy reson-
ances. Through exotic nuclei research, we can under-
stand the nuclear structure as well as element synthesis
and astrophysics. However, the extremely short lifetime
and small formation cross-section of exotic nuclei pose
several experimental challenges. Therefore, theoretical
studies on exotic nuclei are important for experimental
exploration and the analysis of experimental data.
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Because the Fermi surfaces of weakly bound nuclei
are very close to the continuum threshold, the valence
nucleons in these nuclei are easily scattered into the con-
tinuum due to the pairings, resulting in nuclear density
distribution diffusion. The continuum, especially reson-
ant states in the continuum, plays a crucial role in the
formation of these exotic phenomena. Therefore, it is es-
sential to properly treat the resonant states, especially
those close to the threshold, in the continuum and pair-
ings in theoretical research on exotic nuclei [11—14].

Physicists have developed many models for pairings
and resonances in exotic phenomena due to their import-
ance. The traditional BCS theory is considered unreliable
for nuclei near the drip line due to the improper treat-
ment of the continuum [15, 16]. However, if physical res-
onant states can be obtained rather than a non-physical
continuum, the BCS is valid. The earliest study in this
direction is reported in Ref. [17], wherein the BCS equa-
tions were extended to incorporate the contribution of the
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resonant states through the generalized level density, and
the resonant continuum was shown to have an important
effect on neutron-rich nuclei.

The BCS approximation and complex scaling method
(CSM) were introduced in the Hartree-Fock calculation,
and the exotic structures of these nuclei were studied in
the proton drip-line region around the double magic nuc-
leus **Ni [18]. Based on the Berggren representation, the
BCS approximation was used to treat pairings in the
Hartree-Fock calculation, and 220 and ¥ Ni were well
studied [19]. The Berggren representation has also been
used to explore quasiparticle resonances with BCS ap-
proximation for pairings [20]. Green’s function method
[21, 22] has been demonstrated to be an efficient tool for
describing single-particle resonant states. The giant halos
predicted in the neutron-rich Zr isotopes were repro-
duced in Skyrme-Hartree-Fock-Bogoliubov calculations
[23], where the asymptotic behavior of continuum quasi-
particle states was properly treated by the Green's func-
tion method. In 2010, the coupling channel method was
used to calculate single-particle resonances and reveal the
physical mechanism of 3'Ne halos [24]. Recently, this
method was used to predict neutron halo nuclei heavier
than Mg [25].

Relativistic mean-field (RMF) theory is one of the
most successful microscopic theoretical models and has
been quite successful in describing nuclear properties.
Together with the radial basis function or neural network
approach, the accuracy of its mass predictions can even
be similar to that of sophisticated macro-microscopic
mass models [26—28]. To account for the contribution of
resonances, RMF theory has been combined with the ana-
lytical continuation of coupled constant (ACCC) ap-
proach [29], real stabilization method (RSM) [30], and
CSM [31-33] for resonances. The developed RMF-AC-
CC [34, 35], RMF-RSM [36], and RMF-CSM [37-39]
methods provide excellent descriptions of the ground
state properties for the weakly bound nuclei. The con-
tinuum relativistic Hartree-Bogoliubov (RHB) theory
[40] presents a satisfactory description of halos in !'Li
and a prediction of giant halos in Zr and Ca isotopes [41,
42]. The Green's function method has also been used to
explore the bound and unbound states in the RMF frame-
work [43].

Although these methods have been successfully used
to investigate resonant states, obtaining broad resonances
near the continuum threshold is not easy. The bound and
resonant states are obtained by solving the equation of
motion in a complex momentum space. Accordingly, the
complex momentum representation (CMR) method was
proposed for resonances [44]. It has been shown that the
CMR method can describe the bound states, resonances,
and continuum and does not miss the broad resonant
states with lower orbital angular momentum near the
threshold. The broad resonances with lower orbital angu-

lar momentum near the threshold play a crucial role in the
formation of exotic phenomena. This allows us to accur-
ately describe the ground state properties of '°Sn [44]
and the physical mechanism of deformation halo in *’Mg
[45]. Meanwhile, the BCS approximation is used to treat
the pairing correlations between the bound and resonant
states in a continuous spectrum, which can well describe
exotic phenomena such as halos and giant halos [46—49].

One of the most interesting nuclide regions is located
between Z=35-64 and A =82-132. This region re-
veals many interesting exotic phenomena, such as halos
and change in magic numbers. In particular, neutron-rich
nuclei near the double magic nucleus '*2Sn have attrac-
ted significant attention. Although !*2Sn exhibits the typ-
ical characteristics of a double magic nucleus, the persist-
ence of magic number N =82 has been questioned in
many theoretical studies [50, 51]. Over the past 30 years,
previous studies have shown that some magic numbers
have disappeared in certain neutron-rich regions, while
new ones may appear. That is, magic numbers are not
universally mandatory [52—54]. Moreover, possible giant
halos were predicted in extremely neutron-rich Zr and Sn
isotopes [9, 46, 14]. However, the nuclear structure in-
formation around Z = 50 is not rich in experimental data
because it is difficult to generate; thus, this is an active
field of experimental and theoretical research [41, 55,
56].

Research on the nuclear structures near Z =50 has
mainly focused on the N =82 region [57—77]. Refs. [57,
58, 76, 77] give the calculation results of physical quant-
ities such as two-neutron separation energy for Pd iso-
topes. Ref. [59] studied the neutron-rich '22124126P( iso-
tope, indicating the existence of the magic number
N = 82. Boelaert ef al. calculated the shell model of neut-
ron-deficient Cd nuclei from N =50 to N =58 [61]. In
particular, the '*®Te isotope with one proton and one
neutron pair outside the robust double magic '*>Sn core
has attracted much attention from nuclear physicists for a
long time [66, 69, 71]. However, studies on other exotic
phenomena, such as magic numbers and halos, in Pd, Cd,
Te, and Xe isotopes, are relatively scarce. To further cla-
rify the exotic structures of these nuclei, it is necessary to
explore their ground state properties, especially their
single-particle level structures. Given the advantages of
the RMF+CMR+BCS method in dealing with single-
particle resonant states and its success in studying exotic
nuclei, it is considered a powerful tool to further study the
nuclear properties near Z = 50. To the best of our know-
ledge, this is the first systematic study of shell structures
and exotic properties in nuclei within the Z = 50 region.

In this study, we applied the newly developed
RMF+CMR+BCS method to properly treat the pairings
and couplings with the continuum and to systematically
study the exotic properties of the even-even Pd, Cd, Te,
and Xe isotopes. The remainder of this paper is organ-
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ized as follows. The theoretical formalism is described in
Section II. The numerical details are presented in Section
II1. The results and discussion are given in Section IV. Fi-
nally, Section V summarizes the study and its findings.

II. FORMALISM

To explore the effects of single-particle resonant
states and pairing correlations on the exotic structures and
properties of the medium-mass even-even nuclei, we de-
veloped the RMF+CMR+BCS method by combining the
RMF theory and CMR method and using the BCS ap-
proximation to couple bound and physical resonant states.
First, let us briefly describe the theoretical framework of
the RMF+CMR+BCS method. The Lagrange density can
be written as [78]

Lz(/_/(iyl,ﬁ”—m)z//
+ 16 i (1 2% + ! S+ ! 4
S OuTH T = (SML07 + 28207 + 8507
11
- Zgﬂvgﬂ + Emiu)ﬂa}”

1 o
_ZR”VRH +§mzp”;)”—ZFwF“

U (800 + 8uyu + oY, TP +ev, A )y, (1)

where y and m denote the Dirac spinor and nucleon mass,
respectively. o, «*, and p* are the isoscalar-scalar, iso-
scalar-vector, and isovector-vector meson fields, respect-
ively. g, ., and g, are coupling constants. A* is the
photon field. The field tensors are defined as follows:

Q}IVEa‘qu_aVa)ﬂ, R#VEaﬂpV_avﬂl’
F™ = 9" A" — 9 AV Q)

Based on the Lagrange density, we can obtain the
RMF theory equations. More details can be found in the
literature [9, 78, 79]. For a static nucleus, the RMF the-
ory equations are simplified to the Dirac equation as fol-
lows:

[(I-p+ﬂ(m+S)+V] vi=ewi, (3)

The scalar and vector potentials of the nucleus are ex-
pressed as

{ S(r)=g,o), @

V(r) = g,0’ () +g,m30" (r) + A’ (r).

and the Klein-Gordon equations as

-Vio+ mf,O' + 8,07+ 8307 = —8,Ps
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The meson and photon densities are respectively ex-
pressed as

A A

Ps = Z'pil//iv Pv = Z@W‘ﬁ“
z;l i=1 ;

p3= Z@[’;Ts%, Pec= Zl//,tkbp- (6)
i=1 p=1

For spherical nuclei, the Dirac spinor can be written as

f(r)¢ljm- (Qr)
(r)= / ) 7
v ( ey, (@) ) @

The radial density distributions are obtained as follows:
| A
P =~ ;nﬁmf ~lg(F],
| A
P =4 ;nﬁmf +lg(NP1. (®)

Because the expressions for p; and p.are the same as
those for p, except that the sum of the levels considered
is different, they are ignored here. Egs. (3) and (5) are
solved iteratively with a given accuracy. In the RMF
framework, the total energy of the system is obtained as
follows:

A .
1 1 1
E= Zb‘i 5 / d3r[g(rps0'+ ggzo'3 + 5%30'4]
i=1
1
-3 / &’rlg, 000’ +g,030° +ep.A°]. )

A center-of-mass correction is considered as [80]

—%-41 AT (10)

This formulation is effective for stable nuclei. For weakly
bound nuclei, their Fermi surfaces are very close to the
continuum threshold, and the contribution of the resonant
states cannot be ignored. To include the resonant states,
the Dirac equation (Eq. (3)) is transformed into the mo-

034102-3



Chen He, Xue-Neng Cao, Xian-Xian Zhou

Chin. Phys. C 49, 034102 (2025)

mentum representation
/ AR CRHIK 0 (k) = 20/ (K. (11)

where H=a-p+B(m+S (r))+ V(r). For spherical nuclei,
assuming

f(k)¢[jm- (Qk)
(k) = ! , 12
w ( g(k)¢ijnz/ (Qk) ) ( )

the Dirac equation becomes

M f (k) —kg(k) + / K2dK'V, (kK f(K') = ef (k)

(13)
—kf (k) — Mg(k) + / KKV (kK g(K') = eg(k),

with

2
V. (k,k) = - /rzdr[V(r)+S ] ji(k'r) i (kr), (14)

2
V_(k,k') = - /rzdr[V(r)—S )] ji(k'r) ji(kr). (15)

The above equations are solved in complex mo-
mentum space using the Berggren basis [81], and both the
bound and resonant states are obtained. The details can be
found in Ref. [44]. To obtain the density distributions in
coordinate space, we transform the wavefunctions into a
coordinate representation with the upper and lower com-
ponents in Eq. (7) as follows:

fn=i \/g / I dk jiy(kr)fk),

)
g(r) =i \/; / k> dk ji(kr)g(k). (16)

Furthermore, it is necessary to obtain the wavefunc-
tions to more accurately determine the existence of exot-
ic phenomena, such as halos.

For open-shell nuclei, it is critical to consider the con-
tribution of pairings. As resonant states are clearly separ-
ated from the continuum in the CMR calculations [44],
the BCS approximation is applicable and effective for
pairings [46, 47]. The matrix element of the pairing inter-
actions is assumed to be constant near the Fermi level
[80]. When the resonances are considered, the pairing
correlations can be dealt with using the gap equation

N /L@_E
Lot i mrmEte

and particle number equation

Sb—/l

2l e

e-A4
+Z:Qr/gr(8)[l_(s—/l)2-|-A2]ds_N’ (18)

]

where G, A, and N denote the pairing strength, pairing enl—

ergy gap, and particle number, respectively. Q- = jo + 7
with o = b for bound states and o = r for resonant states,
and

1T
m(e—g)+12/4°

g,(5) = (19)

with the real part of resonance energy &, and width T.
The solutions of Egs. (17) and (18) provide the occupa-
tion probabilities for the bound and resonant levels. For
the occupations, the densities in Eq. (8) are modified to

1
pi=s5- ij Q2P =g, (]
+o Z Q, / &, VAP — g, (HP1de,
1
po =52 Ul +lg,(F]

b
* % Z Q, / g @V +1g(HFlde.  (20)

After these modifications, the total energy of the sys-
tem becomes

E= ZZQbabvi +ZZQ,./gr(5)svfd8
b r
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Compared with the relativistic HFB method [9], the
advantage of the CMR method is that the physical mech-
anism of the halos can be revealed from the contributions
of every resonant level [46, 47].
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III. NUMERICAL DETAILS

The starting point of this study was the RMF frame-
work within the Berggren basis. This section outlines the
calculation steps and numerical details of the RMF +
CMR + BCS method based on the above theoretical for-
mulation.

Similar to the traditional RMF theory, the
RMF+CMR+BCS method solves the Dirac (3) and Klein-
Gordon (5) equations. These coupled equations are com-
plicated, and the density and energy can only be solved it-
eratively from an initial guess of the scalar potential §
and vector potential V. To obtain bound and resonant
states as well as the continuous spectrum on the same
basis, Eq. (3) is solved by considering the momentum
completion basis and transforming it into the complex
momentum representation such that the Dirac equation is
transformed into the complex momentum representation
in Eq. (11). Substituing Eq. (12) into Eq. (11), the Dirac
equation can be expressed as Eq. (13) through a series of
solutions; the angular part is removed, and its solution
gives single-particle energy E and the wavefunctions f(k)
and g(k) of the momentum representation.

The RMF+CMR method can not only obtain bound
and resonant states but also broad resonant states that are
difficult to obtain using other bound-state-like methods.
With these single-particle bound and resonant states, the
pairings are treated using the BCS approximation by
solving Egs. (17) and (18) for a given energy gap A. For
convenience, an empirical formula A =6/ VA (6 =12) is
adopted for neutron and proton pairings [82]. The energy
gap parameter ¢ is fixed by fitting the experimental data.
The pairing window can be determined by fitting the odd-
even mass differences. In this study, the pairing window
is denoted as 41471/, The occupation probabilities v* of
the bound and resonant states can be obtained by solving
Egs. (17) and (18). The obtained occupation probabilities
of the single-particle levels and wavefunctions of the co-
ordinate representation are considered in Eq. (20) to fur-
ther obtain the densities p, and p,. The wavefunctions
f(r) and g(r) are obtained by solving Eq. (16). The ob-
tained density and potential (V(r)and S(r)) are given by
Egs. (5) and (3), respectively, to calculate the meson field
and a new set of potentials. This cycle is repeated until
convergence.

In the actual calculations, the Dirac equation (Eq.
(13)) is solved in complex momentum space, and as the
resonant states are independent of the integration path
[44], we apply momentum integration along an appropri-
ate contour (K; = 0 fm™', K, = 0.6-0.2 fm™', K5 = 1.0
fm™', and K, = 4.0 fm™', where K|, K5, K3, and K, repres-
ent the four coordinate points of the triangular integral
path of momentum space, respectively). In this study, the
coordinate space has a space size of Ry, = 30 fm and grid
size of d, = 0.1 fm. Finally, the effective interaction NL3"

[83] is adopted because of its improved description of the
ground state properties of many nuclei.

IV. RESULTS AND DISCUSSION

To better understand the contributions of single-
particle levels to exotic phenomena, we obtained neutron
single-particle levels of even-even Pd, Cd, Te, and Xe
isotopes. The neutron single-particle levels of !10-1€0pd,
10-164Cq, 120-182Te and '29-184Xe within the —12—+8
MeV range are shown in Fig. 1. The bound and resonant
states are marked by the solid and hollow symbols, re-
spectively. The Fermi surface is marked by the short-dot-
ted line. As the neutron number increases, all single-
particle levels decrease, while the Fermi energy A in-
creases in each chain, eventually reaching the continuum
threshold. In this study, the shell evolutions between
single-particle levels yere explored based on the average

Amin

shell gap (A)= Wi)/};m given in Ref. [84], where

AN is the shell gap between the levels for a given nucle-
us.

For the Pd isotope, the levels 1i13/2, 289/2, 287/2, and
17,1, remain as resonant states. However, the levels 2f7,,

S

- %dw
1 O (50) 1 g7/2 A~ ¥4

_1 1 1 1 1

2
§08 120 132 144 156 168 108 120 132 144 156 168

T T 1Jl
15/
Qﬁjg%
g
904

r

E [MeV]

2 hf
3/2 S /

. 1

120132144 156 168 180 192 120132144.156168180192

Mass number A

Fig. 1.  (color online) Neutron single-particle levels as a
function of mass number A obtained for the even-even Pd, Cd,
Te, and Xe isotopes. The bound and resonant states are
marked by the solid and hollow symbols, respectively. The
Fermi surface is marked by a short-dotted line. These levels
are labeled as nl;, where n, /, and j are the radial, orbital, and
total angular momentum quantum numbers, respectively.
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lhop, and 2f5,, transition from resonant states to bound
states with an increase in neutron number N. The average
shell gaps between levels 14, and 2f7,, and between
2f52 (lhopy) and 1ij3,, are 4.57 MeV and 3.26 MeV, re-
spectively, indicating that the traditional magic number
N =82 exists and a new magic number N = 112 appears.
Furthermore, there is no large gap between levels 1i3,,
and 2go/, (the average shell gap is only 0.89 MeV), sug-
gesting that the traditional magic number N = 126 disap-
pears on the extremely neutron-rich side. Notably, the
levels 3ps;, and 3p,,, (now referred to as 3p) appear at
A =118 and A =124, respectively. The 3p levels favor
the formation of halo phenomena due to the lower orbital
angular momentum. However, the 3p levels become in-
creasingly bound as the neutron number increases, which
is not conducive to halo formation and is more inclined to
form a thicker neutron skin. Similar to Pd isotopes, the
same phenomena were observed in Cd isotopes. Differ-
ent from the Pd isotopes, the levels 3p;,, and 3p,,, ap-
pear at A=116 and A =120, respectively. For Te iso-
topes, the resonant levels 3ds,, 4512, and 1j,5,, appear on
the extremely neutron-rich side. It is worth noting that a
large gap appears between weakly bound level 1iy5,, and
resonant level 2go, (3ds;) (the average shell gap
between them is 2.46 MeV), which means that the magic
number N = 126 does not disappear. Although the magic
number N = 126 exists, the gap (the shell gap between the
levels i3, and 3ds;, at A =178) is approximately 2.2
MeV, and the shell gap is weakened. From A =164 to
A =182, neutrons are scattered into resonant states above
the zero-potential energy level due to pairing correlations.
Although the orbital angular momentum of level 4s,,,
(I=0) is low, its single-particle energy reaches approxim-
ately 6 MeV. This implies that the relative contribution of
level 4s,), to the neutron halo is not significant. The res-
onant level 3ds), is occupied in favor of halo formation,
which means that a neutron halo may appear from '%*Te
to "¥2Te. For the Xe isotope, the level 3ds, appears on
the extremely neutron-rich side. Similar to level 4s,,, for
Te isotope, the level 3d5,, does not support halo forma-
tion. The large gap between levels 1iy3,, and 3ds,, indic-
ates the existence of the magic number N = 126 (the aver-
age shell gap between them is only 3.06 MeV). Due to
the weakened energy gap and pairings, the neutrons are
easily scattered into resonance levels above the zero-po-
tential energy level at 164 <A < 184. Therefore, neutron
halos may appear from '%Xe to ¥ Xe.

On the extremely neutron-rich side of the Pd, Cd, Te,
and Xe isotopes, especially in the weakly bound nuclei
near the neutron drip-line, the Fermi surface is close to
the continuum threshold, and valence neutrons are easily
scattered into the continuum and occupy the resonant
states. This indicates that the stability of these halo iso-
topes is highly sensitive to pairing effects.

To further explore the effect of pairings on halos, we

plot the neutron number N, and Ng. ,nev located above
the Fermi surface with single-particle energey greater
than —2 MeV for the Pd, Cd, Te, and Xe isotopes, re-
spectively, as shown in Fig. 2. We can observe that, on
the neutron-deficient side, Ng._» mev 1S particularly close
to 0, which is due to these nucleons being deeply bound.
It is noteworthy that near the magic numbers and ex-
tremely neutron-rich nuclei, N, and Ng._,wey coincide.
Additionally, for Te isotopes on the extremely neutron-
rich side, the value of Ng._, mev 18 notably elevated,
reaching the range of 12— 18 MeV. This is attributed to
the single-particle level 1i;3,, remaining higher than -2
MeV in this region.

Substantial amounts of neutrons are scattered from
the single-particle levels below the Fermi surface to
weakly bound or resonant states above it because of the
pairing, especially in nuclei where the half-full shells are
filled with neutrons. Meanwhile, obvious shell structures
can be observed. Because of the absence of pairings in
closed-shell nuclei, N, approaches zero when the neut-
ron number reaches a magic number. For Pd and Cd iso-
topes, N,=0 at N = 82,112. For Te and Xe isotopes, N,;=0
at N = 82. However, very small neutron occupancies are
observed at the single-particle levels above the Fermi sur-
face (N, #0) at N=112 and N =126, suggesting that
these nuclei have weak pairings. The existence of weak
pairings leads to resonant states near the zero-potential
energy level being occupied, which is conducive to halo
formation. The evolution of N; and Ng._,mev With mass
number 4 supports the results shown in Fig. 1.

The obtained neutron numbers N, above the zero-po-
tential energy level (E, >0 MeV) for the even-even Pd,

3 E -0 E>L [MeV]
..... oE>-2 [MeV]

.
£ © oo i Y i
° Y 0be ¢
E gooo0e00004 . ©0%; 3

Z 110 120 130 140 150 160 110 120 130 140 150 160

5 0, 600003-"
Ei<ooe99%, 1 9,

18

T3] F

120130140150160170180
Mass number A

120130140150160170180

Fig. 2.  (color online) Neutron numbers N; and Ngs_»mev,
which are occupied above the Fermi surface and possess
single-particle energies greater than -2 MeV, were obtained
for the Pd, Cd, Te, and Xe isotopes, respectively.
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Cd, Te, and Xe isotopes are shown in Fig. 3. N, is sub-
stantially reduced compared to N,. For Pd isotopes, N, is
less than unity except for '32713Pd and '“Pd. The larger
N, of 1327134Pd is due to levels 14g), and 2f5,, being low-
lying resonant states, while that of '3°Pd results from the
occupation of level 1i;35,. In the neighboring '#Pd, the
occupation probabilities of levels 149, and 2fs5, are ex-
tremely small and almost zero. As the neutron number in-
creases further, N, remains less than unity. At '°Pd, N,
suddenly increase because resonant levels 1i,3,,, 2g92,
and 2g7,, begin to be occupied. Similar phenomena were
observed in the Cd, Te, and Xe isotopes, except in the
case of the Te and Xe isotopes with N = 112 and N = 126.
The evolution of N, with mass number 4 closely re-
sembles that of N, and E, with A4.

The two-neutron separation energy S,,(Z, N) = B(Z,
n-2)—-B(Z, N) is not only a sensitive physical quantity for
testing the microcosmic theory but also an important ob-
servation value for nuclear binding and exotic properties.
The two-neutron separation energies of even-even Pd,
Cd, Te, and Xe isotopes were calculated and compared
with the results of the RMF+CMR method [44],
RMF+BCS method [85], RHB method [41], and avail-
able experimental data [86], as shown in Fig. 4. Al-
though the RMF+CMR method is suitable for describing
weakly bound nuclei far away from the f-stability line, it
does not consider the contribution of pairings, which neg-
lects residual interaction between nucleons. In contrast,
while the RMF+BCS method considers the contribution
of pairings and solves the blocking effect caused by
single-particle excitations, it does not consider the contri-
butions from resonant states and is only valid for bound
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Fig. 3.  (color online) Neutron numbers N, occupied at
single-particle levels above the continuum threshold (above
the zero-potential energy level E, =0 MeV) obtained for Pd,
Cd, Te, and Xe isotopes.

states. Therefore, it can be clearly observed that the
RMF+CMR and RMF+BCS results deviate the most
from the experimental data. Moreover, the RMF+BCS
and RMF+CMR results are similar because the
RMF+BCS approach may involve unphysical states,
leading to divergence. The RMF+CMR+BCS method in-
cludes coupling between the bound and resonance states
with positive energies. In general, compared with the
RMF+CMR and RMF+BCS results, the RMF+
CMR+BCS results are in good agreement with the RHB
calculations and available experimental data. These res-
ults indicate that the RMF+CMR+BCS calculations are
reliable and the neutron drip-line prediction is accurate.
For the Pd and Cd isotopes, there are large gaps at
N =282 and N =112 that support a closed shell. For the
Te and Xe isotopes, closed shells were observed at
N=82, N=112, and N =126. The §,, values of 'Pd,
164Cd, 82Te, and '* Xe become negative, suggesting that
138pd, 12Cd, '®9Te, and '®2Xe are two neutron drip-line
nuclei of the Pd, Cd, Te, and Xe isotopes, respectively.
The exploration of neutron drip-lines and the determina-
tion of nuclear existence limits are significant in nuclear
physics. However, various theoretical studies have
demonstrated that neutron drip-line prediction is highly
dependent on the model used [87]. For example, '°Cd,
178 Te, and '8°Xe are predicted to be two neutron drip-line
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Fig. 4. (color online) Two-neutron separation energies of
even-even Pd, Cd, Te, and Xe isotopes as a function of mass
number A. The red open circles, green open triangles, purple
open inverted triangles, and blue open diamonds correspond
to the RMF+CMR+BCS, RMF+CMR, RMF+BCS, and RHB
calculations, respectively. The black solid circles represent the
experimental data [86].
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nuclei using the RMF+CMR method.

Furthermore, S,, was approximately 3—4 MeV for
extremely neutron-rich Pd and Cd isotopes (except for
10Pd and '%*Cd). This indicates that these nuclei are
deeply bound and more likely to be a thick neutron skin
than a neutron halo. For extremely neutron-rich Te and
Xe isotopes (except for '®2Te and '*#Xe), S,, is approx-
imately 2 MeV, which tends to support a neutron halo.
Owing to the existence of neutron halos, these weakly
bound nuclei are very interesting, although they are diffi-
cult to obtain experimentally.

The neutron and proton radii distributions are funda-
mental to nuclear physics and are essential observables
that reflect the properties of the nuclei. The charge rms
radii for even-even Pd, Cd, Te, and Xe isotopes are
shown in Fig. 5. For comparison, the RMF+CMR [44],
RMF+BCS [85], and RHB [41] calculations, as well as
available experimental data [88], are also shown. Com-
pared with the RMF+CMR and RMF+BCS calculations,
the RMF+CMR+BCS results are in good agreement with
the RHB calculations. Although the values obtained us-
ing the four theoretical methods were slightly lower than
those of the available experimental data, they were con-
sistent with the experimental trend with mass number A.
This suggests that the RMF+CMR+BCS method is relat-
ively reliable for nuclear property calculations. Moreover,
reliable proton rms radii can also be obtained based on
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Fig. 5.  (color online) Calculated charge rms radii distribu-
tion r. of even-even Pd, Cd, Te, and Xe isotopes. The red
open circles, green open triangles, purple open inverted tri-
angles, and blue open diamonds correspond to the
RMF+CMR+BCS, RMF+CMR, RMF+BCS, and RHB calcu-
lations, respectively. The black solid circles represent the
available experimental data.

the charge rms radii.

In Fig 6, the neutron and proton rms radii for the
even-even Pd, Cd, Te, and Xe isotopes are shown. The
results were compared with those of the RMF+CMR
[44], RMF+BCS [85], RHB [41] calculations, as well as
with r=roN'/? [9] (black line), where the coefficient r,
can be determined by the radii of deeply bound nuclei.
The radii trend with mass number A was similar in the
four calculations. For the proton rms radii, the results
from the four calculations are almost the same. For the
neutron rms radii, the results of RMF+CMR+BCS were
slightly larger than those of the other three methods.
Meanwhile, the neutron rms radii increased sharply and
deviated from the r,N'/? trend with mass number 4. For
the Pd and Cd isotopes, abnormally increasing neutron
rms radii were not found, which means that there was no
halo or giant halo structure. Nevertheless, the neutron rms
radii are remarkably larger than those of the proton for
the neutron-rich Pd and Cd isotopes, especially on the ex-
tremely neutron-rich side. A fairly thick neutron skin ex-
ists, which is critical for studying astrophysical evolution.
For the Te and Xe isotopes, the neutron rms radii in-
creased sharply at A>162. This is considered strong
evidence for the existence of halos, indicating that a neut-
ron halo may exist in these mass regions. The change in
radius can be explained by the occupation of the single-
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Fig. 6.  (color online) Neutron and proton rms radii as a
function of mass number A. The red open circles, green open
inverted triangles, purple open triangles, and blue open square
correspond to the results of the RMF+CMR+BCS,
RMF+CMR, RMF+BCS, and RHB methods, respectively.
The black solid line corresponds to the radii calculated using

the roN'/3 formula, where ro = 1.139 [9].

034102-8



Systematic research on the ground state properties of medium-mass neutron-rich nuclei

Chin. Phys. C 49, 034102 (2025)

particle levels.

To reveal the contributions of weakly bound and
broad resonant states to the halos, the occupation probab-
ilities of single-particle levels for the even-even Pd, Cd,
Te, and Xe isotopes were explored, as shown in Fig. 7.
For Pd isotopes, the occupations of levels 2ds, and 1g7,,
were greater than 0.8 for A=110. From A=110 to
A =128, the levels 2d5),, 35152, and 1k, are gradually
occupied until saturated, which supports the traditional
magic number N =82. From A = 130 to A =158, the oc-
cupation probabilities of levels 2f7,,, 3psp, 3pi2, 1hop,
and 2fs,, increase rapidly to saturation, verifying the new
magic number N =112. Because of the large gap at
N =112, these neutron-rich nuclei with neutron numbers
less than 112 are relatively bound. The levels 1ii3,
2892, 2872, and i, begin to be occupied at A > 158.
When A =160, the occupation probabilities of these
levels are 0.14, 0.04, 0.03, and 0.008, respectively. Al-
though the occupation probabilities of these levels are
small, their large orbital angular momentum contributes
to the level density near the Fermi surface, indicating the
formation of a thick neutron skin in extremely neutron-
rich Pd isotopes. Similar phenomena were also observed
for Cd isotopes. The occupations of levels 14, and
2f5),, as well as those below the orbitals, can reach satura-
tion at A =130 (N=82) and A =160 (N =112), respect-
ively. Likewise, there are no weakly bound levels with
lower orbital angular momentum occupied by a large
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Fig. 7. (color online) Occupation probabilities of neutron
single-particle orbitals as a function of mass number A for the
even-even Pd, Cd, Te, and Xe isotopes. The labels of the
single-particle levels are identical to those in Fig. 1.

numbers of valence neutrons to support the formation of a
neutron halo, which means that a thick neutron skin
forms in extremely neutron-rich Cd isotopes. For the Te
and Xe isotopes, we observe large gaps between levels
1Ay, and 2f7, as well as 3p,,, and 1iy5/,, which indir-
ectly suggest the existence of magic numbers N = 82 and
N =112. Unlike the Pd and Cd isotopes, the occupation
of the weakly bound level 17,5, almost reaches satura-
tion in'!Te and !'8°Xe. This suggests that the traditional
magic number N =126 does not disappear. When
N > 112, the resonant levels also begin to be occupied,
mainly because the stability of these nuclei becomes very
sensitive to pairing effects after considering the pairing
correlations. In particular, the occupation of level 3ds),
leads to considerably diffused density distributions,
which are responsible for the remarkable increase in neut-
ron rms radii. This further suggests that halos exist in ex-
tremely neutron-rich Te and Xe isotopes.

To clarify the relationship between single-particle
level occupations and radius, the contributions R of the
single-particle levels to the neutron rms radii are shown
in Fig. 8. Namely, R =v?x < r? >!2) where virepresents
the occupation probabilities of the single particle level,
and <r?>'? represents the rms radii of every single-
particle level.

For the Pd and Cd isotopes, the R trend with neutron
number N was similar to that of the occupation probabilit-

hi 1 1 1 1 1

R [fm]
O =~ N W 1 ONOO O =2 DNWPH»MOGOO N O

110 120 130 140 150 160 110 120 130 140 150 160

120 132 144 156 168 180 120 132 144 156 168 180
Mass number A

Fig. 8.  (color online) Contributions of neutron single-
particle levels to the rms as a function of mass number A for
Pd, Cd, Te, and Xe isotopes. The labels of the single-particle
levels are identical to those shown in Fig. 1.
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ies. The large gaps between levels 14, and 2f;, and
levels 149, (2fs;2) and 1iy3), indirectly indicate the exist-
ence of magic numbers N =82 and N = 112.

The R values of levels 2ds,, and 1g;,, first rapidly
increased and then remained nearly unchanged over the
considered range of mass numbers. As the number of
neutrons increases, the contributions of levels 2d;,, 3542,
and 1/, to the radii increase rapidly. For the neutron-
rich Pd and Cd isotopes, the R values of levels 2f7),,
3P, 3p12, 252, and 1hg), increase rapidly, especially
for levels 3p (3ps, and 3p,) and 2f (2f7, and 2f5)).
However, this was insufficient to cause a significant in-
crease in the neutron rms radii. When N > 126, the R
values of levels 1i13/2, 2892, and 2g;,, also began to in-
crease. Their maximum value was only 1.87. In other
words, neutron-rich Pd and Cd isotopes prefer a thick
neutron skin rather than a neutron halo. Similar phenom-
ena were observed for the Te and Xe isotopes. A remark-
able difference is the contribution of levels 3ds,, (for the
Te and Xe isotopes) and 3d;,, (for the Xe isotopes) to the
neutron rms radii, where the R value increases rapidly on
the extremely neutron-rich side. In particular, the R
value of level 3ds,, rapidly increases after N = 112, indic-
ating that the unusually large neutron rms radius is
mainly due to the contribution of resonant level 3ds,,.

The density distributions of the halo nuclei exhibited
a long tail at large distances. To further demonstrate the
existence of halos, we plot the total proton, neutron, and
matter density distributions for even-even Pd, Cd, Te, and
Xe isotopes in Fig. 9. The total proton density declines
rapidly to zero as r increases, suggesting that the long tail
of the total matter density is mainly due to neutron dens-
ity. For the Pd and Cd isotopes, the neutron density distri-
bution gradually decreased to zero at large distances, res-
ulting in a preference of the neutron skin for a neutron
halo. For the Te isotope, although '*Te and '©2Te are
neutron-rich nuclei, their neutron density distributions do
not exhibit a long tail. In contrast, the neutron density dis-
tributions of 1% Te, " Te, and '®Te become increasingly
diffuse with increasing », showing a long tail that
provides direct and obvious evidence for a halo. For Xe
isotopes, the neutron density distributions of '%Xe, "°Xe,
176 Xe, and '¥?Xe drag a long tail with increasing r. These
extremely diffuse density distributions are mainly caused
by the low-/ states, namely, resonant level 3ds,. This
suggests that '8-180Te and '4-132Xe are neutron halo nu-
ciei, which we expect to be verified experimentally.

To further explain the halo phenomena, we investig-
ated the contributions of different single-particle levels to
the neutron density distribution. The density ratio, which
is the ratio of the single-particle level density to the total
neutron density p;;(r)/p(r), for °Pd, '°°Cd, '"®Te, and
180Xe is shown in Fig. 10. The density ratios of bound
levels 2f7,2, 2f5,, 3pspn, and 3p;,, were very large at
r=9-13 fm, which significantly contributed to the in-
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Fig. 9. (color online) Total proton, neutron, and matter dens-

ity distributions for the even-even Pd, Cd, Te, and Xe iso-
topes.

crease in neutron radii. With a further increase in r, the
density ratios of all bound states declined to zero. In con-
trast, the density ratios of resonant levels are diffuse. Al-
though the level 173, isa resonant state, it has an ex-
tremely high orbital angular momentum. Therefore, the
contribution of level 1,5/, to the diffuse density distribu-
tion was relatively small.
For 13°Pd and '°Cd, the density ratios of the resonant
levels 2g95, 2g7/2, and 1i;;,, were considerably large in
the range from r =15 fm to r = 20 fm, indicating that the
neutron density distribution mainly originated from the
contribution of resonant states. However, the contrbu-
tions of these levels to absolute density distributions were
relatively small because of the large centrifugal barrier,
which confined them more tightly around the nucleus,
and their low occupancy. This results in "°Pd and '°Cd
preferring a neutron skin to a neutron halo. For '8 Te, the
contributions of the resonant levels 2g9,, 2g7/2, liti,
and 1j,5/, to the diffuse density distributions were also re-
latively weak due to a large centrifugal barrier. The long
tail of the neutron density distributions comes mainly
from the contribution of resonant level 3ds,,, which plays
a critical role in the halo structure in '"8Te. Similar phe-
nomena were observed for '®°Xe. Unlike '"®Te, the halo
structure in *°Xe comes mainly from the contributions of
resonant levels 3ds;, and 3d;),. It can be concluded that
the single-particle levels around the Fermi surface, partic-
ularly the resonant levels with low orbital angular mo-
mentum, contribute to the diffuse density distribution.
To explore the contribution of the broad resonant
states to the diffuse density distribution, the wavefunc-
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Fig. 10.  (color online) Relative contributions of different
levels to the total neutron density in '°Pd, 10Cd, 78 Te, and
180Xe. The orbitals located near the particle continuum
threshold are marked with different colors.

tions of single-particle levels for 3°Pd, '°Cd, !"#Te, and
180X e are plotted. The real and imaginary parts of the up-
per and lower components are shown in Fig. 11. Com-
pared to the upper component f(r), the contribution of
the lower component g(7) to the density distributions is
insignificant. For °Pd, the upper component f(r) of
bound level 3p,,, gradually decreases to zero with in-
creasing 7. For resonant states 2go/,, 2g7/2, and 1iy,,, re-
gardless of the real or imaginary part, the upper compon-
ent f(r) of their wavefunctions extends over a large
range. Similar phenomena were observed for '°Cd. Al-
though resonant levels 2gy,,, 2g7/2, and 17;,, have a large
centrifugal barrier and weakly contribute to the diffuse
density distribution, they can lead to relatively high level
densities near the Fermi surface. For "8 Te, the real and
imaginary parts of the upper components f(r) of reson-
ant levels 3ds;,, 2g7/2, li11,2, and 45/, extend over a large
range with increasing r. Similar to those of resonant
states 2g7, and 1i;;,, in 'Pd and '°Cd, the contribu-
tions of these two resonant levels to the diffuse density
distribution are relatively insignificant. For '8°Xe, the up-
per component f(r) of resonant levels 3ds,,, 2g7/2, 4512,
and 3d;,,extends over a large distance in both the real and
imaginary parts. Similarly, the contribution of level 2g7/,
to the diffuse density distribution is weak owing to the
large centrifugal barrier. These results indicate that nar-
row resonant and bound states barely contribute to the
diffuse density distribution. The diffuse density distribu-
tion mainly originates from resonance levels with lower
orbital angular momentum, such as the broad resonant
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Fig. 11.  (color online) Wavefunctions of the single-particle
levels near the continuum threshold for 5°Pd, 190Cd, 178 Te,
and '89Xe. The black solid and red dashed lines represent the
real and imaginary parts of the upper component f(r), respect-
ively. The blue solid and green dash-dotted lines represent the
real and imaginary parts of the lower component g(r), respect-
ively.

© oo o0b
o = N WN
h

N

01F i ;

-0.2 I I I I I I
0 51015 0 5

1 1 1

0 15 20

state 3ds,,. The resonant states 3d;,, and 4s,,, also have a
certain impact on the diffuse density distribution.

V. SUMMARY

The exotic properties of neutron-rich Pd, Cd, Te, and
Xe isotopes were systematically studied using the newly
developed RMF+CMR+BCS method with the functional
NL3*. The nucleon pairing correlations and couplings
with the continuum were treated appropriately. The res-
ults were compared with those of RMF+CMR,
RMF+BCS, and RHB calculations as well as available
experimental data. The two-neutron separation energies
S,, and charge rms radii were well reproduced.

The calculated single-particle levels supported the tra-
ditional magic number N =82 and verified the existence
of a new magic number N =112 in Pd and Cd isotopes,
while the magic number N =126 disappearedin ex-
tremely neutron-rich Pd and Cd isotopes. For the Te and
Xe isotope, we did not observe the disappearance of the
traditional magic numbers. Although magic numbers
N =112 and N = 126 exist in the neutron-rich Te and Xe
isotopes, the shell gap is weakened, and the valence neut-
rons are easily scattered into broad resonant levels 3ds,,
and 3d;,, due to the pairing correlations, causing halo
formation. To explore the effect of pairing correlations
and resonances on the exotic phenomena, two different
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types of neutron numbers were defined, namely, the num-
ber of neutrons occupying above the Fermi surface, N,,
and the number of neutrons occupying above zero poten-
tial energy surface, Ny. The evolution of N, and N, with
the mass number A is consistent with the trend of single-
particle levels, suggesting that pairing correlations play a
crucial role in the halo and change in magic numbers.

The two neutron separation energies S,, of the Pd,
Cd, Te, and Xe isotopes were also calculated. The calcu-
lation results are in agreement with the available experi-
mental data. The evolution trend of S,, with the mass
number A clearly shows the neutron magic numbers
N =82, 112 for the Pd and Cd isotopes and N =82, 112,
126 for the Te and Xe isotopes. '38Pd, ©2Cd, '*°Te, and
182X e are the two neutron drip-line nuclei of the Pd, Cd,
Te, and Xe isotopes, respectively.

Subsequently, to investigate the possible exotic struc-
tures in neutron-rich Pd, Cd, Te, and Xe isotopes, the rms
radii, occupation probabilities of single-particle levels,
contributions of single-particle levels to the neutron rms
radii, and total proton, neutron, and matter density distri-
butions were investigated. The neutron rms radii in-
creased sharply in the neutron-rich Te and Xe isotopes,
especially in weakly bound nuclei close to the neutron
drip-line. This is an evident deviation from the tradition-

al rule r < N'3. Meanwhile, the contributions of broad
resonant states 3ds,, and 3d;,, became significant in these
nuclei. Furthermore, very diffuse density distributions
were observed in 88174180 Te gnd 164170176182 X e implying
that they are neutron halos. Different from the neutron-
rich Te and Xe isotopes, the neutron density distributions
of the neutron-rich Pd and Cd isotopes decreased gradu-
ally to zero and tended to support a neutron skin rather
than neutron halo.

Finally, the occupations of bound levels with lower
orbital angular momentum were determined to be the
main reason for the increase in radii by analyzing the
contributions of different single-particle levels to the total
density and wavefunction. In comparison, diffuse density
distributions, such as halos, originate mainly from the
contributions of resonant levels with lower orbital angu-
lar momentum near the continuum threshold. The predic-
tion of exotic structures such as halos and skins in neut-
ron-rich Pd, Cd, Te, and Xe isotopes is valuable for ex-
perimental investigations.
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