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Abstract: Magicity, or shell closure, plays an important role in our understanding of complex nuclear phenomena.
In this work, we employ one of the state-of-the-art density functional theories, the deformed relativistic Hartree-
Bogoliubov theory in continuum (DRHBc) with the density functional PC-PK1, to investigate the evolution of the
N =20,28,50 shell closures in the 20 < Z < 30 region. We show how these three conventional shell closures evolve
from the proton drip line to the neutron drip line by studying the charge radii, two-neutron separation energies, two-
neutron gaps, quadrupole deformations, and single-particle levels. In particular, we find that in the 21 <Z <27 re-
gion, the N =50 shell closure disappears or becomes quenched, mainly due to the deformation effects. Similarly,
both experimental data and theoretical predictions indicate that the N = 28 shell closure disappears in the Mn isotop-
ic chain, mainly due to the deformation effects. The DRHBc theory predicts the existence of the N =20 shell clos-
ure in the Ca, Sc, and Ti isotopic chains, but the existing data for the Ti isotopes suggest the contrary, and therefore

further research is needed.
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I. INTRODUCTION

The shell structure of atomic nuclei, in particular, the
shell closure or magicity, plays an important role in nuc-
lear physics and nuclear astrophysics [1]. Globally, many
radioactive ion beam (RIB) facilities have been built or
are under construction, which enable us to study the shell
structure of atomic nuclei and to explore the limits of
their existence. These facilities are, among others, the
RIB Factory (RIBF) at RIKEN in Japan [2], the Facility
for Rare Isotope Beams (FRIB) in the United States of
America [3], the High Intensity Heavy-ion Accelerator
Facility (HIAF) in China [4], the Facility for Antiproton
and Ion Research (FAIR) in Germany [5], and the Rare
Isotope Accelerator Complex for ON-line Experiments

(RAON) in Korea [6]. The operation of these large sci-
entific installations will certainly advance our under-
standing of the strong nuclear force and the atomic nuc-
lei from which the visible universe is formed.

These RIB facilities have made many exciting discov-
eries, such as the occurrence of new shell gaps, which
results in new magic numbers. For example, the studies
of 32Ca [7, 8], >*Ti [9], and °Cr [10] provide substantial
evidence for the onset of a shell closure at N = 32. In Ref.
[11], direct experimental evidence for a new magic num-
ber of N =34 was found in the neutron-rich calcium iso-
topes, and the shell closures at N =32 and N =34 were
shown to be driven by the tensor force. However, the sig-
nature of the N =34 shell closure was not confirmed by
the two-neutron shell gaps of Ti and V isotopes [12]. In
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recent years, extensive studies have been conducted on
whether the N =40 subshell closure is a local phenomen-
on that only exists in the magic nickel chain [13—15]. It
was found that the charge radii of copper isotopes only
reveal a weak N =40 subshell closure effect [16], and the
chromium isotopes form a new island of inversion at
N =40 [17]. For the traditional magic numbers of 28 and
50, Ref. [18] provided the first direct experimental evid-
ence for the doubly magic nature of "8Ni, and this experi-
ment also confirmed the existence of a deformed second
low-energy 2* state, supporting the prediction of shape
coexistence in "8Ni [19]. The first measurement of the
charge radius of °Ni provides direct support for its
doubly magic nature [20].

Meanwhile, tremendous theoretical efforts have been
made to understand the shell evolution. Among them, co-
variant density functional theories (CDFTs) have re-
ceived significant attention owing to their successful de-
scriptions of various nuclear phenomena throughout the
nuclear chart [21-25]. To accurately describe exotic nuc-
lei close to the drip line, it is essential to consider the
pairing correlations and couplings to the continuum [26,
27]. Additionally, it should be noted that most open-shell
nuclei are deformed. Therefore, in Refs. [28, 29], the de-
formed relativistic Hartree-Bogoliubov theory in con-
tinuum (DRHBc) was developed and it can self-consist-
ently treat the deformation and continuum effects. Lately,
this theory has been applied to describe or predict the
ground state properties of deformed halo nuclei [28,
30-38]. In Ref. [39], the DRHBc theory with the point-
coupling density functionals was developed for even-
even nuclei. It has recently been applied to construct a
mass table for even-even nuclei [40], and the mass table
for odd-4 and odd-odd nuclei is under construction [41].
In addition, many interesting studies have been per-
formed, such as the impact of deformation effects on the
location of the neutron drip line [42], the dynamical cor-
relation energy with a two-dimensional collective
Hamiltonian [43], the multipole expansion of densities
[44], the rotational mode of deformed halo nuclei [45,
46], the bubble structure and shape coexistence [47, 48],
the peninsulas of stability beyond the two-neutron drip
line [49—51], the optimization of the Dirac Woods-Saxon
(WS) basis [52], the shell closure at N =82 in the neody-
mium isotopic chain [39, 41], the collapse of the N =28
shell closure in the newly discovered *Na [37], the odd-
even staggering and kink structures of charge radii of Hg
isotopes [53], the prolate-shape dominance in atomic nuc-
lei [54], the nuclear charge radii and shape evolution of
Kr and Sr isotopes [55], and the one-proton emission of
M8=1511 1y using the DRHBc+WKB approach [56]. In this
work, we apply the DRHBc theory to study the
20 < Z <30 isotopes. In particular, we focus on the evolu-
tion of the N = 20,28,50 shell closures in this region.

This paper is organized as follows. In Sec. II, we

briefly introduce the DRHBc theory. Results and discus-
sions are presented in Sec. III, followed by a short sum-
mary in Sec. I'V.

II. DEFORMED RELATIVISTIC HARTREE-
BOGOLIUBOV THEORY IN CONTINUUM

Detailed accounts of the DRHBc¢ theory can be found
in Refs. [29, 30, 39, 41]. Here, we briefly introduce the
formalism for the convenience of discussions. In the
DRHBc theory, the relativistic Hartree-Bogoliubov
(RHB) equation reads

hp—A4 A U U
D T k _ Ek k , (1)
—-A* —hz) +A; Vi Vi

where hp is the Dirac Hamiltonian, A is the pairing po-
tential, A, is the Fermi energy for neutrons or protons
(t=mn,p), Ex is the quasiparticle energy, and Uy and Vi
are the quasiparticle wave functions. The Dirac Hamilto-
nian in the coordinate space is

hp(r)=a-p+V(r)+pIM+S ()], 2)

where M is the nucleon mass, and S(r) and V(r) are the
scalar and vector potentials, respectively. The pairing po-
tential reads

A(ri,r) = VPP (r,r)k(ry,r), 3)

where « is the pairing tensor [57] and V7?7 is the pairing
force of a density-dependent zero-range type,

1
VI (ri,r) = Vog (1-P7)5(ry —rz)(l—’%). 4)
sat

For an axially deformed nucleus with spatial reflec-
tion symmetry, the potentials and densities can be expan-
ded in terms of Legendre polynomials:

F =" fiPacosd), =024, (5)
A

For an odd-4 or odd-odd nucleus, one needs to fur-
ther take into account the blocking effect of the unpaired
nucleon(s) [30, 41, 58, 59]. Further details about the treat-
ment of blocking effects in the DRHBc theory can be
found in Refs. [30, 41].

The RHB equations are solved using the basis expan-
sion method with the Dirac WS basis [28, 52, 60], which
can properly describe the large spatial extension of
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weakly bound nuclei. In the numerical calculation, the
angular momentum cutoff for the Dirac WS basis is
chosen to be Jyax = %h The maximum expansion order
in Eq. (5) is Amax = 6, which is sufficient for our study
[40, 61]. The size of the box to obtain the WS basis is
taken to be 20 fm, and the energy cutoff for the Dirac WS
basis in the Fermi sea is EY,; =300 MeV. For the particle-
particle channel we use the zero-range pairing force with
a saturation density pg =0.152 fm™> and a pairing
strength Vo = =325 MeV - fm> [39, 41]. All the numerical
details are the same as those adopted in constructing the
DRHBc mass tables [39, 41].

III. RESULTS AND DISCUSSIONS

To understand the evolution of the N = 20, 28, and 50
shell closures, we study the charge radii, two-neutron
separation energies, two-neutron gaps, quadrupole de-
formations, and single-particle levels of 20 <Z <30 iso-
topes in detail. In the following sections, based on the
systematic calculations using the DRHBc theory, we
show these bulk properties of all the isotopes of
20 <Z <30 from the proton drip line to the neutron drip
line. Here, we consider a nucleus as bound only if both
the one- and two-nucleon separation energies of this nuc-
leus are positive, which is the same strategy as that adop-
ted in Ref. [27]. The resulting neutron drip line can reach
up to 3°Ca, 83Sc, #Ti, 87V, °Cr, ®Mn, *Fe, *’Co, %Ni,
197Cuy, and ''°Zn, and the positions of the proton drip line
are 3*Ca, 40Sc, 40Ti, 3V, “3Cr, *Mn, *'Fe, *Co, *°Ni,
33Cu, and *0Zn for each isotopic chain.

A. Charge Radii

The charge radius of a nucleus is a key observable
that can directly reflect important features of the nuclear
structure, such as the emergence of neutron halos [62,
63], occurrence of new magic numbers, or disappearance
of traditional magic numbers [64, 65]. In Fig. 1, the
charge radii of Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and
Zn isotopes as a function of the neutron number pre-
dicted by the DRHBc theory are compared with available
data [20, 64—67]. Overall, the predicted charge radii are
consistent with the available data. We note that the appar-
ent kinks at N =28 manifest this traditional shell closure
in the Ca, Cr, Mn, Fe, and Ni isotopic chains, and the the-
oretical results agree well with the available data. Clearly,
there is reason to believe that for the other six isotopic
chains, the predicted N =28 shell closure should persist
and we encourage experimental measurements of charge
radii of the relevant nuclei.

Close to the proton drip line, no obvious kinks at
N =20 can be observed from our calculations, but the
data for the Sc isotopes show a pronounced kink signal-
ing the existence of a shell closure. We note that in the
DRHBc calculations, there exists a second minimum with
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Fig. 1. (color online) Theoretical charge radii as a function
of the neutron number for Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, and Zn isotopes (open circles), where the results for the
even-even nuclei are taken from Ref. [40]. The available data
from Refs. [20, 64—67] are also shown for comparison (solid
points). To visualize the shell closures, 0.05, 0.10, 0.15, 0.20,
0.25,0.30, 0.35, 0.40, 0.45, and 0.50 fm are added to the ori-
ginal results of each isotopic chain, respectively. The three
vertical gray lines denote N = 20,28,50.

a large prolate deformation, resulting in a much larger
charge radius. Therefore, such a kink might be due to de-
formation effects. However, that minimum is not the
ground state in the DRHBc with several density function-
als, and therefore, beyond-mean-field effects need to be
investigated. We stress that such a kink cannot be ob-
served in the neighboring Ca isotopes, and therefore, fur-
ther research is needed to understand this puzzling phe-
nomenon. In addition, around N = 20, there are some dis-
crepancies between theory and experiment for Ca, Sc,
and Ti isotopes, especially for the odd-even staggerings.
We note that the description of the evolution along the
Ca, Sc, and Ti isotopic chains and the odd-even stagger-
ings of charge radii have always been challenging for
density functional theories. Such odd-even staggerings
can be related to the neutron-proton pairing correlation,
but the DRHBc theory does not explicitly take it into ac-
count. In Refs. [68, 69], a phenomenological correction
term was introduced to consider the neutron-proton pair-
ing correlation. It successfully reproduced the odd-even
effects in the Ca isotopic chain, and then was applied to
study ten more isotopic chains, that is, O, Ne, Mg, Cr, Ni,
Ge, Zr, Cd, Sn, and Pb. In Ref. [70], it was shown that the
pairing gradient term controlled by the coupling constant
h% plays a crucial role in the Fayans energy density func-
tional. If this term is included, it would be possible to re-
produce the observed odd-even staggerings of charge
radii of Ca isotopes. One can study the charge radii of all
the nuclei throughout the nuclear chart in the DRHBc the-
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ory taking into account various corrections, which we
shall leave for future works.

For the neutron number N =32, the DRHBc theory
reproduces well the relevant data. We note that the neut-
ron numbers N =32 and 34 have been predicted to be
magic in some works. For instance, the precise measure-
ments of masses of ¥~>7Ca established prominent shell
closures at N = 32,34 [71], and the energy of the 2} state
of *Ca confirmed the existence of the N = 34 shell clos-
ure [11]. Nonetheless, the charge radii studied here show
no indications of a shell closure, which is consistent with
the conclusions presented in Refs. [72, 73]. We further
note that the experimental charge radii of potassium iso-
topes do not show signs of shell closure at N =32 [74]
either.

As can be observed in Fig. 1, the DRHBc results
agree well with the available data for Zn and Cu isotopes
around the N =50 shell closure, and the kinks at N =50
indicate the appearance of this shell closure. As Z de-
creases, the kinks at N =50 gradually disappear, indicat-
ing that the N =50 shell closure becomes weaker and
eventually disappears. Nonetheless, owing to the limited
experimental data, further investigation is required to
confirm the presence or disappearance of the N = 50 shell
closure in these isotopic chains from the perspective of
charge radii.

B. Two-neutron separation energies

In addition to charge radii, two-neutron separation en-
ergies are also important observables that provide de-
tailed information about shell evolution and shape trans-
itions. The two-neutron separation energies Sj,are
defined in Eq. (6):

S2n(Z,N) = Ep(Z,N) - Ep(Z,N - 2), (6)

where Ep(Z,N) is the binding energy of a given nucleus
with Z protons and N neutrons. Fig. 2 shows the two-
neutron separation energies S, as a function of the neut-
ron number N for the eleven isotopic chains studied,
along with the available experimental data taken from
Ref. [75]. In general, for a given isotopic chain, S, de-
creases smoothly with increasing neutron number N, ex-
cept at a magic number where S,, drops significantly.
From Fig. 2, one can clearly see the N =28 shell closure
from both the theoretical results and experimental data.
As can be observed, the sudden decreases of S,, for the
Mn and Fe isotopic chains are not so obvious compared
with those for other isotopic chains.

Moreover, near N =50, the theoretical two-neutron
separation energies are in good agreement with the exper-
imental data [75] for Cu and Zn isotopes, which is simil-
ar to the case of charge radii shown in Fig. 1. This
demonstrates that the N = 50 shell closure in Cu and Zn is

Neutron Number NV

Fig. 2. (color online) Theoretical two-neutron separation en-
ergies Sy, as a function of the neutron number for Ca, Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, and Zn isotopes, where the results
for the even-even nuclei are taken from Ref. [40]. The avail-
able data from Ref. [75] are shown for comparison. For clar-
ity, 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 MeV are added to
the original results of each isotopic chain, respectively. The
solid points denote the experimental data and the hollow ones
are the DRHBc results. The three vertical gray lines denote
N =20, 28, 50.

well reproduced in the DRHBc theory. Furthermore, it is
worth mentioning that the disappearance of the N =50
shell closure for Z =20 ~ 27 is consistent with the conclu-
sion drawn from the charge radii studied in Sec. IIL.A. In
addition, we found that the DRHBc calculations support
the appearance of the subshell closures at N =40 at the
mean-field level for most of the isotopic chains in ques-
tion but the available data do not. This is related to the is-
land of inversion of N =40 [17, 19, 76, 77]. A proper the-
oretical description of this mass region needs to consider
beyond-mean-field effects.

In Sec. III.A, we note that the N =20 shell closure is
not evident for Ca, Sc, and Ti isotopes in our calculations.
From the calculated two-neutron separation energies, one
can still notice the sharp decreases at N =20 for these
three isotopic chains, suggesting that this shell closure is
still prominent. However, the existing data for the Ti iso-
topes suggest the contrary. As a result, further research is
needed before a firm conclusion can be drawn.

C. Two-neutron gaps

Compared to two-neutron separation energies, the
two-neutron gaps, defined as 8z, =S2(Z,N)—Su(Z,
N +2), are more sensitive to shell effects because they ex-
hibit a sharp peak when crossing a magic number (shell
closure). The two-neutron gaps are shown in Fig. 3 as a
function of the neutron number N and compared with the
available data [75], where the sharp peaks indicate the ap-
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Fig. 3.

(color online) Theoretical two-neutron shell gaps as a function of the neutron number for Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni,

Cu, and Zn isotopes, where the results for the even-even nuclei are taken from [40]. The available data from Ref. [75] are shown for

comparison. The four vertical gray lines denote N = 20,28,40,50.

pearance of shell closures. Clearly, the theoretical and ex-
perimental results for the N =28 shell closure agree well
with each other, both show a sharp peak at the traditional
magic number N = 28. For the Mn isotopic chain, there is
no peak at N =28, indicating that the N =28 shell clos-
ure is quenched due to deformation effects, which drive
this nucleus prolate in the ground state as shown in
Fig. 4. In the theoretical results for the Ca, Sc, and Ti iso-
topic chains, the N =20 shell closure is evident. We note
that there is a significant discrepancy in the Ti isotopic
chain between theory and experiment. The theoretical
results peak at N =20 but the data [75] peak at
N(=Z) =22. This discrepancy can be attributed to the rel-
atively strong neutron-proton pairing contributing to this
particular nucleus (and the adjacent ones) [78, 79], which
can distort the relation between two-neutron gaps and
shell closures. Indeed, as exhibited in Fig. 5, the neutron
single-particle levels of “*Ti show that the N =20 shell
closure is still prominent.

Regarding the N =32 shell closure, the experimental
data show a sharp peak in the Ca, Sc, and Ti isotopic
chains, whereas the DRHBc results only exhibit small
fluctuations. In Refs. [11, 80], it was found that the
N =32 subshell closure is a direct consequence of the
weakening of the attractive nucleon-nucleon interaction
between protons (m) and neutrons (v) in the nf7,, and

vfs,2 single-particle orbitals (SPOs) as the number of pro-
tons in the 7f7» SPOs decreases and the magnitude of the
nfip—vfs;p energy gap increases. Therefore, for the
N =32 shell closure, the deviation of the DRHBc¢ results
from the available data can be attributed to the missing
tensor force. We note that the localized exchange terms in
the PCF-PK1 density functional theory can describe well
the binding energies of Ca isotopes, and the discrepan-
cies between the theoretical results and experimental data
are less than 2 MeV [81]. Recently, the new magic num-
bers N =32 and 34 in the Ca isotopes have been studied
in Ref. [82] using the relativistic Hartree-Fock theory
[83] in which the tensor force is included, and it was
shown that the strong couplings of the Dirac inversion
partners (DIPs) of the (7,v)s12 and v2p; ), states play an
important role in forming the subshell closures at
N =32, 34.

As for the N =40 shell closure, the high-lying 2*
state observed in ®Ni and its low B(E2;2* — 0%) value
are attributed to the relatively large energy gap separat-
ing the pf and g/, orbitals [84]. Except for the Ni iso-
topic chain, there is no clear shell—closure evidence from
the available experimental data on the two-neutron separ-
ation energies S, and two-neutron gaps d2,. As for the
theoretical results, similarly to the conclusions drawn
from the two-neutron separation energies, the two-neut-
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Fig. 4.

(color online) Theoretical quadrupole deformations as a function of the neutron number for eleven isotopic chains. The avail-

able B, extracted from Ref. [86] are also shown for comparison. The four vertical gray lines denote N = 20, 28, 40, 50.

ron gaps also suggest the existence of this subshell clos-
ure.

Furthermore, as shown in Fig. 3, except for the Ni,
Cu, and Zn isotopes, the DRHBc¢ results do not indicate
any clear shell closure at N = 50, which is consistent with
the charge radii and two-neutron separation energies
shown in Fig. 1 and Fig. 2. These results suggest that the
N =50 shell closure disappears in the 20 < Z < 27 isotop-
ic chains, which should be verified by future experiments.

D. Quadrupole deformations

Intrinsic deformation, a basic property of atomic nuc-
lei, is also influenced by the nuclear shell closure [85]. In
Fig. 4, the ground-state quadrupole deformations of Ca,
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn isotopes are
shown as a function of the neutron number N obtained us-
ing the DRHBc theory, and the available data taken from
Ref. [86] are also presented.

For Ca isotopes, the deformation remains small from
the proton drip line to the neutron drip line, suggesting a
predominantly spherical shape throughout. The Sc iso-
topes exhibit a particularly notable behavior character-
ized by sharp peaks at N =23, N =25, and N =27, indic-
ating an odd-even staggering on the deformations. As

shown in Fig. 1, the large deformation of *Sc and *6Sc
can partially explain their enhanced charge radii. Most Ti
isotopes are spherical except for those between N =22
and N =28 and those with 44 < N <56, which are pro-
lately deformed. For V isotopes, the predicted deforma-
tions clearly reflect the possible (sub-) shell closures at
N =20,28, and 40 while most other nuclei have prolate
shapes in their ground states. Similar conclusions might
also be drawn for Cr, Mn, Fe, and Co isotopes. It is worth
noting that the ground state of *Mn is prolate. For Ni
isotopes, except for those with N =25 and 31 <N <38,
the deformation remains small from the proton drip line
to the neutron drip line. It should be noted that the experi-
mental data of B, are extracted from the observed
B(E2,0* — 2*) values such that all the values are posit-
ive.

The Ni, Cu, and Zn isotopes with N = 28,40, and 50
are predicted to be spherical, indicating shell closures at
these neutron numbers. The B, values extracted from the
B(E2,0* - 2*) indicate large deformation for ©*-80Zn,
which is consistent with our results except for those iso-
topes with 36 <N <42 and N =50. We note that the ex-
tracted B (E2,0* — 2*) values are based on the assump-
tion that the nucleus can be viewed as a rigid rotor, which
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might not be true for all the nuclei, in particular for
(nearly) spherical nuclei [87].

E. Single-particle levels

Besides the bulk properties, the mean-field single-
particle levels are also good or even more transparent in-
dicators of shell closures. In the following sections, to
better understand the results observed in charge radii,
two-neutron separation energies, two-neutron gaps, and
quadrupole deformations, we study in detail the relevant
single-particle levels obtained from the DRHBc theory
with the PC-PK1 density functional.

1. N =20 shell closure

To shed more light on the neutron shell closure at
N =20, we display in Fig. 5 the single-neutron levels as a
function of the proton number Z for 20<Z<22. In
Fig. 4, the DRHBc theory predicts that “°Ca and “*Ti are
spherical, while #'Sc is nearly spherical with 8, = —0.03.
Fig. 5 shows that the N =20 shell closure originates from
the large energy gap between the 1d3,» and 1f7,, orbitals,
which is consistent with the Nilsson diagram [88]. We
further note that the energy gap between the 1ds,, and
251/ orbitals is also considerably large, which might res-
ult in a subshell closure at N = 14,

2. N =28 shell closure

Here, we focus on the single-neutron levels of the
1f72 and 2ps3/, orbitals, which are relevant to the neut-
ron shell gap at N =28. In Fig. 4, one can see that almost
all of the N =28 isotopes are spherical or nearly spheric-
al. This is consistent with the large shell gaps at N =28
shown in Fig. 6. We note that for 3Mn, whose ground
state shows a prolate shape, because of deformation ef-
fects, the shell gap between the 1f;, and 2ps3,, orbitals
forming the N =28 shell closure in the spherical case is
quenched.

To better understand the reduction in the >*Mn shell
gap, we show in Fig. 7 its potential energy curve (PEC)
obtained from the constrained DRHBc calculations. We
note that the PEC is relatively flat between 8, = —0.1 and
B2 =0.2. There are two local minima: one is prolate and
the other one is oblate. However, the energy difference
between them is less than 0.5 MeV. The ground state has
a prolate shape such that the shell closure at N =28 in
33Mn is quenched due to the deformation effects. The flat
PEC highlights the need for a more careful beyond-mean-
field study of this particular nucleus.

3. N =50 shell closure

We now study the evolution of the N =50 shell clos-
ure. Fig. 8 shows the single-neutron levels as a function
of the proton number Z. For "®Ni, °Cu, and 3Zn, there is
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Fig. 5.
around the Fermi energy in the canonical basis for the ground

(color online) Theoretical single-neutron levels

states of 4°Ca, *!Sc, and “*Ti. The neutron Fermi energies 4,
are denoted by the dotted lines, the blue lines correspond to
parity = = —, and the red lines correspond to 7 = +.
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Fig. 6. (color online) Theoretical single-neutron levels
around the Fermi levels in the canonical basis for N =28 iso-

topes. The blue lines denote 2ps;, or those levels split from
2p3)» for B, # 0. Similarly, the purple lines are for 1f7/,.

a large gap between the 1go» and 2ds;, orbitals, corres-
ponding to the N = 50 shell closure. Meanwhile, in Fig. 4,
the DRHBc theory predicts 7'Sc, 7>Ti, 3V, Cr, Mn,
"5Fe, and 7"Co to be well-deformed, and their deforma-
tion parameters S, are also presented in Fig. 8. The large
prolate deformations of "'Sc, 7?Ti, 3V, 7*Cr, "Mn, "°Fe,
and "’Co imply the quenching of the N = 50 shell closure.
To better understand this, taking >Mn as an example, the
evolution of the single-neutron levels around the Fermi
energy with the quadrupole deformation obtained from
constrained calculations is shown in Fig. 9. The ground-
state deformation of 7>Mn is indicated by the grey vertic-
al line. In the spherical limit, there is a large energy gap
between 1g9/2 and 2ds/,, forming the N =50 shell clos-
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Fig. 7. (color online) Potential energy curve (PEC) of *Mn

from the constrained DRHBc calculation. The ground state is
denoted by the red solid circle. The gray lines indicate the
global minimum and the energy higher by 1 MeV.
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Fig. 8. (color online) Theoretical single-neutron levels
around the Fermi levels in the canonical basis for 7°Ca, 7'Sc,
7271y, B3V, "Cr, Mn, "°Fe, ""Co, 7®Ni, 7”Cu, and #9Zn. The
neutron Fermi energy levels 1, are denoted by the dotted
lines, where all the single-neutron levels shown have parity
n=+. The predicted quadrupole deformations are indicated
below each nucleus.

ure. However, strong quadrupole correlations from the
mixing of sd and dgorbitals drive *Mn prolate with
B2 =0.279 in the ground state and increase the level dens-
ity around the Fermi surface, leading to the disappear-
ance of the N =50 shell closure. Therefore, one can con-
clude that deformation effects play an important role in
the description of "'Sc, 7*Ti, 73V, 74Cr, 7Mn, "°Fe, and
"Co, which lead to the disappearance of certain conven-
tional shell closures [89].

IV. SUMMARY

In summary, we have performed systematic studies of
nuclei with 20 < Z < 30 ranging from the proton drip line

Single-neutron energies (MeV)
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Deformation 3,

Fig. 9. (color online) Theoretical single-neutron levels
around the Fermi energy A, (dashed line) of 7Mn in the ca-
nonical basis from constrained calculations. The grey vertical
line denotes the ground state (g.s.) of Mn.

to the neutron drip line in the deformed relativistic
Hartree-Bogoliubov theory in continuum (DRHBc) with
the PC-PK1 functional. We have examined the evolution
of the N =20,28,50 shell closures in this region and ana-
lyzed the charge radii, two-neutron separation energies
Son, two-neutron shell gaps 6., quadrupole deforma-
tions B, and single-particle levels. Our results show that
the traditional neutron shell closures at N =20 persist in
the DRHBc theory, which is consistent with existing data.
However, the existing data for the Ti isotopes suggest the
contrary, and therefore, further research is needed. It is
interesting to note that the deformation effects play an
important role in the description of (21 <Z <27) nuclei,
which may lead to the disappearance of the N =50 shell
closure. Similarly, both experiments and theory indicate
that the N =28 shell closure disappears in the Mn iso-
topes, predominantly due to the influence of deformation
effects. We encourage further investigations to verify
these findings.

As a byproduct of our study of shell closures, we pre-
dicted the neutron and proton drip line nuclei of
20 <Z <30 for the first time with pairing, deformation,
continuum, and blocking effects properly taken into ac-
count. The neutron drip line nuclei are 3°Ca, 83Sc, 8Ti,
87y, 90Cr, %Mn, Fe, *'Co, %Ni, 97Cu, and '°Zn, and
the proton drip line nuclei are **Ca, “’Sc, “°Ti, ¥V, #Cr,
46Mn, “"Fe, 4Co, *°Ni, »Cu, and *°Zn.
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