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Using the relativistic Hartree–Fock Lagrangian PKA1, we investigate the properties of the exotic nucleus 
48Si, which is predicted to be an atypical nucleus characterized by i) the onset of doubly magicity, ii) its 
location at the drip line, iii) the presence of dual semi-bubble structure (distinct central depletion in both 
of neutron and proton density profiles) in the ground state, and iv) the occurrence of pairing reentrance 
at finite temperature. While not being new for each, these phenomena are found to simultaneously 
occur in 48Si. For instance, the dual semi-bubble structure reduces the spin–orbit splitting of low-�
orbitals and upraises the s orbitals, leading therefore to distinct N = 34 and Z = 14 magic shells in 
48Si. Consequently, the doubly magicities provide extra stability for such extreme neutron-rich system at 
the drip line. Associating with the neutron shell N = 34 and continuum above, the pairing correlations 
are reengaged interestingly at finite temperature. Theoretical nuclear modelings are known to be poorly 
predictive in general, and we asset our confidence in the prediction of our modeling on the fact that the 
predictions of PKA1 in various regions of the nuclear chart have systematically been found correct and 
more specifically in the region of pf shell. Whether our predictions are confirmed or not, 48Si provides 
a concrete benchmark for the understanding of the nature of nuclear force.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
Closed-shell nuclei are particularly important for nuclear struc-
ture physics because the ground state of nuclei having proton or 
neutron numbers equal to magic numbers can be considered as an 
archetype of independent particles moving in a mean field poten-
tial. Theoretically, they provide crucial benchmarks for mean field 
properties using density functional approaches [1–3]. For instance, 
the spin–orbit (SO) coupling [4,5] and the approximate pseudospin 
symmetry (PSS) [6–8] play a crucial role in the occurrence of shell 
closure, and manifest the relativistic nature of the nuclear inter-
action [9,10]. The strong SO coupling existing in stable and near-
stable nuclei is tightly related to the spatial gradient of nuclear 
potential which is originally determined by the density profile [1,
2,11]. The alterations of the density profile from ordinary one, e.g., 
halo or central depletion, could modify the structure properties of 
exotic nuclei, such as the emergence of new magic shells as we 
will show in present study of 48Si.
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Over the past few decades significant progress in exotic nu-
clei has brought important changes in our view of finite nuclear 
systems. As one of the typical examples, magic numbers are not 
universal any more across the nuclear chart and they can change 
dramatically along with the degree of freedom of isospin, leading 
to novel and unexpected features [12–15]. A few of them include 
the collapse of the conventional magic numbers N = 8 and 20 in 
the islands of inversion [16–19]. New magic numbers can arise, 
as observed in the typical case of drip-line magic nucleus 24O 
[20–22]. Recent observations on new magic shells in proton- and 
neutron-rich nuclei are summarized in Fig. 1. These experimental 
achievements have demonstrated the idea that shell evolution in 
nuclei comes from a combination of complex effects related to the 
nuclear force.

More specifically in neutron-rich pf -shell nuclei, intensive ef-
forts have been devoted to the occurrence of new magic shells 
at N = 32 and 34. The magicity at N = 32 have been signed 
from the measurements of the 2+

1 excitation energy in titanium, 
chromium and calcium isotopes [23–25], and further confirmed 
by the high-precision mass measurements of exotic calcium and 
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Fig. 1. Recent observations of the evolution of magicity, updated from Ref. [14]. 
Some isotopes of interest here are indicated in black. The green dashed-dotted line 
shows the average drip line predicted by relativistic energy density functionals [40]. 
The orange squares stand for the N = 32 and 34 isotones with Z ≤ 20. The three 
pink circles mark the expected bubble-like nuclei 34Ca and 34,48Si [41–43].

potassium isotopes [26,27]. The magicity at N = 34 was revealed 
from the measurement of the 2+

1 energy in 54Ca [28,29], and the-
oretically supported by ab-initio calculations [30,31], shell mod-
els [29,32], and some density functionals containing tensor terms 
[33–35]. Very recently, the mass evolution in calcium isotopes be-
yond N = 34 indicated again the magicity at N = 34 [36]. Since the 
new magic numbers N = 32 and 34 in calcium isotopes are now 
well established, it’s natural to examine how they evolve in more 
exotic regions, e.g., in the N = 32 and 34 isotones with less pro-
tons. Shell model calculations have predicted a larger N = 34 shell 
gap in 52Ar than the one reported in 54Ca [32], and an increas-
ing of the 2+

1 energies in argon, sulfur and silicon isotopes from 
N = 32 to 34 [37]. It has also been shown from the relativistic ap-
proach that the N = 34 shell gaps are continuously enhanced from 
52Ar to 48Si, indicating 48Si as a new drip-line magic nucleus [35]. 
Notice further that this nucleus is expected to be spherical or 
weakly deformed by most of the modern nuclear density function-
als [38–40].

The last identified silicon isotope to date is 44Si [44], with four 
neutrons less than 48Si. The synthesis of 48Si is however a major 
challenge which may not be overcome in the near future. A possi-
bility scenario for the production of more exotic silicon isotopes 
may be based on the new heavy-ion-induced nucleon-exchange 
reactions [45], which could lead to secondary nuclei with more 
neutrons than the primary beam. While we have assessed the dif-
ficulties in the synthesis of 48Si, the purpose of present study is 
to illustrate, from a theoretical viewpoint, that 48Si can be a very 
important nucleus to benchmark the present nuclear models and 
interactions. To our knowledge, the interest in the exploration of 
silicon isotopes is based on three observations: i) the existence of 
the new shell closure Z = 14 in 34Si [46,47], ii) the disappearance 
of the N = 28 shell closure in 42Si [48,49], and iii) the onset of a 
proton semi-bubble structure (reduced density at the nuclear in-
terior) in 34Si [41–43,50]. For the formation of semi-bubble it is 
in general required that the nucleus be spherical or just weakly 
deformed, and sometimes also has weak pairing correlations, to 
ensure a low population of s orbital. In principle, a central de-
pletion in density profile can reduce the depth of potential well 
and present substantial contribution to the SO potential in the cen-
tral region, while opposite to the trend at surface area [11,41]. In 
this work we present the illustrative prediction that such a cen-
tral depletion in density profile may associate essentially with the 
characteristic of the single-particle (s.p.) structure, i.e., the occur-
rence of a new magicity.

In connection to our analysis, it is interesting to mention a re-
cent correlation analysis [51] which shows that the central density 
Fig. 2. Baryonic density distributions (a) and neutron single-particle spectra (b) for 
the ground states of 48Si and 54Ca, calculated by RHFB with PKA1. The compositions 
of ν2p and ν1 f for 48Si are also shown. The shell gaps of interest are indicated.

in medium-mass nuclei carries little information on the properties 
of nuclear matter since it is predominantly driven by shell struc-
ture. We can therefore deduce that for the silicon isotopes, the 
dominant properties are impacted more by the finite size effects 
such as surface properties, and the specific details including finite 
range feature of the nuclear interaction, rather than the global ones 
reflected by the mean field approximation of nuclear matter. In our 
present analysis, this remark provides an additional argument for 
the promotion of nuclei such as 48Si to benchmark nuclear model-
ing.

Let us start with the discussion of the N = 34 and Z = 14
new magicities as predicted from the relativistic Hartree–Fock–
Bogoliubov (RHFB) approach considering spherical symmetry [35,
52]. The coupled integro-differential RHFB equations are solved on 
the Dirac Woods–Saxon basis [53] with a radial cutoff R = 28 fm. 
In the pairing channel, the Gogny force D1S [54] is slightly ad-
justed — by a few percent correction — with a global strength 
factor, so as to reproduce the odd–even mass differences of cal-
cium isotopes and N = 28 isotones. This model is well suited 
for the description of the density profile from the center to the 
most external part of nuclei. We base our predictions on the 
PKA1 Lagrangian [55] including the exchange of π (pseudovector), 
ω (vector), σ (scalar) and ρ (vector, tensor) mesons, as well as the 
density-dependent meson–nucleon couplings. The nuclear tensor 
force is naturally taken into account by the Fock diagrams [35,55,
56]. The N = 34 shell gaps are predicted to be ∼ 2.5 and 4.0 MeV, 
respectively, for 54Ca and 48Si [35], being consistent with the shell 
model calculations [32,37]. In addition, it is found that the ten-
sor ρ and pseudovector π meson–nucleon couplings, which can be 
treated as a mixture of central and tensor forces, are the important 
ingredients in relativistic density functional to reproduce the evo-
lutions of the s.p. spectrum for both sd- and pf -shell nuclei [35,
41]. These results exemplify that the PKA1 Lagrangian furnishes a 
optimal choice for discussing the properties of very neutron-rich 
nuclei, such as 48Si.

The neutron (ν) and proton (π ) density profiles for the N = 34
isotones 54Ca and 48Si are shown in Fig. 2(a). We observe a central 
depletion in both neutron densities of 54Ca and 48Si. In 54Ca, the 
valence neutrons, i.e., the ν2p3/2,1/2 and ν f7/2 orbitals, dominate 
the formation of a weak neutron central depletion by raising the 
density profile beyond the center. Such density profile is not sensi-
tive to the pairing correlations since the next neutron s orbital (i.e., 
ν3s1/2) is far above the Fermi level. In 48Si, additional effects from 
the proton sector enhance the neutron central depletion; we shall 
further discuss it later (regard to Fig. 3). There is however an im-
portant difference between the proton densities of 54Ca and 48Si, 
leading to qualitatively very different total density distributions. In 
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54Ca the proton density exhibits a small central bump, which com-
pensates the central depletion of neutron to give central flat total 
density. On the contrary, evident bubble-like structure appears in 
proton density profile of 48Si, which in turn makes 48Si as one 
of the rare but possible candidates — dual semi-bubble nucleus — 
with both neutron and proton bubble-like structures. In addition, 
a comparably large (∼ 5.0 MeV) proton gap Z = 14 is found as in 
the doubly magic nucleus 34Si [41,43]. In fact, as described by or-
dinary mean field models [1], 48Si has similar proton configuration 
as 34Si [41,43,47]: the last occupied proton orbital is π1d5/2, above 
which the π2s1/2 is essentially empty. Such configurations usually 
occur in nuclei with a central-depressed density profile because of 
the lack of an s state contribution [11,41,50,57]. It is therefore a 
quantum shell effect, at variance with bubble-like structure in su-
perheavy nuclei powered by the Coulomb interaction [41,58–60]. 
This quantum effect can however be weakened by correlations be-
yond the mean field. If for instance the s-state is close enough 
to the last occupied state, pairing [41,50,57,61] as well as multi-
reference framework beyond mean field [62,63] may populate the 
s-state with a non-zero probability, washing out the central deple-
tion. The size of the energy gap between the last occupied state 
and the next s-state is therefore a crucial quantity to assess the 
prediction of a bubble-like structure.

In 48Si, the existence of large proton gap (∼ 5.0 MeV) is a rather 
clear argument in favor of the occurrence of proton semi-bubble 
structure, in addition to 34Si [41,43]. Similar prediction is also 
made by the Skyrme-HFB calculation from the BRUSLIB database 
[64]. Notice however that while protons are predicted to have a 
central depletion in 48Si from the BRUSLIB database, the neutrons 
are not. This indicates the model dependence of such prediction 
and emphasizes its importance to better understand the nature of 
nuclear forces. The isoscalar sector of the nuclear density func-
tional is well constrained by available nuclear observables, but 
the isovector sector remains poorly determined. The difference be-
tween our predictions and the BRUSLIB (Skyrme interaction) ones 
might however be traced back to the difference in the isovector 
sector of interactions. For instance, the symmetry energy and its 
slope at saturation density from Skyrme density functionals are in 
general smaller than those from relativistic density functionals.

Let us recall that, in mean field approaches the SO interaction 
scales with the derivative of nuclear potential, and consistently 
with that of nucleon densities [1–3]. For relativistic mean field 
approaches, the derivative of the isoscalar (total) density domi-
nates the SO effects, while that of the isovector density (differ-
ence between neutron and proton densities) contributes additional 
but much smaller corrections [65]. Specifically, the positive radial 
gradient, represented by the central depletion of nucleon den-
sity, partly compensates the negative one at the surface of nu-
cleus, leading to a reduced SO splitting for low-� orbitals [11,
41,50,57]. As observed in Fig. 2(b), the ν2p splitting is reduced 
from ∼ 1.9 MeV in 54Ca (central depletion in the neutron den-
sity but not in the total one) down to ∼ 0.8 MeV in 48Si (dual 
semi-bubble candidate). One may notice that the reduction of ν2p
splitting (∼1.1 MeV) cannot entirely account for the enlargement 
of the N = 34 shell gap (increase by ∼1.5 MeV from 54Ca to 48Si), 
since the ν1 f splitting is slightly reduced as well, see Fig. 2(b). 
Another effect contributing to the opening of the N = 34 shell gap 
is related to the enlarged splitting of the pseudospin (PS) partners 
{ν1 f5/2, ν2p3/2} from 54Ca to 48Si, which can be interpreted also 
by the semi-bubble structure that in general leads to evident vio-
lation of the PSS [2,9,10,66,67]. In conclusion, a dual semi-bubble 
structure predicted in 48Si is illustrated to occur simultaneously 
with the distinctly reduced SO splitting of ν2p and the enlarged 
PS splitting of {ν1 f5/2, ν2p3/2}, coherently triggering the emer-
gence of a fairly large N = 34 shell gap of ∼ 4 MeV. Furthermore, 
Fig. 3. Baryonic density distributions (a) and single-particle spectra (b) in the ground 
and excited configurations for 48Si, calculated by RHFB with PKA1. Notice that the 
ordering of the density distributions according to their configurations depends on 
the radial interval. The shell gaps of interest are indicated. See the text for details.

the central depletion in the total density of 48Si, corresponding to 
a central-bumped nuclear potential, tends to upraise the proton 
π2s1/2 orbital, and thus promotes the formation of a distinct pro-
ton Z = 14 shell (the energy gap between π1d5/2 and π2s1/2).

The influence of the dual semi-bubble on the N = 34 and 
Z = 14 shell gaps is further analyzed in Fig. 3 where we com-
pare the predicted ground state of 48Si with the excited ones 48Si∗
and 48Si∗∗ , in which π2s1/2 is partially and fully occupied, respec-
tively. As expected, the proton central density becomes flat in 48Si∗
and the neutron one still manifests a depletion, reducing partly 
the bubble-like structure in 48Si∗ compared to 48Si. Whereas in 
48Si∗∗ the proton central density manifests a distinct bump and 
the neutron one is flat, washing out completely the central deple-
tion in the total density, see Fig. 3(a). Combining Figs. 3(a) and 
(b) it is evident that there exists indeed a clear relation between 
the sizes of N = 34 and Z = 14 shell gaps and the central den-
sity profile: semi-bubble structure favors the magicities when the 
low-� orbitals like s and p are involved in determining the shells. 
One may also notice that the ν2p splitting in 48Si∗∗ is as large as 
that in 54Ca, see Fig. 3(b). This is certainly due to the fact that the 
total density of 48Si∗∗ is close to flat. Furthermore, the effects of 
neutron–proton interaction tend to make the proton and neutron 
density profile rather similar, as illustrated in Fig. 3(a). At variance 
with 54Ca for which the valence neutrons dominate the formation 
of the semi-bubble, the neutron–proton interaction plays a key role 
in 48Si.

There is another interesting effect in 48Si∗ (or 48Si∗∗) for the 
SO splitting of larger-� states. The increasing of the neutron (pro-
ton) central density induces a small modification of its asymptotic 
behavior, as observed in Fig. 3(a): the gradient of the peripheral 
nucleon density is smaller in 48Si∗ (or 48Si∗∗) compared to 48Si. 
Since the ν1 f states have a larger overlap with the nuclear sur-
face than with the interior region, contrarily to the ν2p states, the 
SO splittings of these larger-� states get smaller going from 48Si to-
wards 48Si∗ (or 48Si∗∗). Consequently the PS splitting for partners 
{ν1 f5/2, ν2p3/2} is somewhat enlarged. Therefore, the N = 34 gap 
in 48Si∗∗ (∼ 3.1 MeV) is still larger than that in 54Ca (∼ 2.5 MeV). 
The trends discussed on neutron sector can also be seen in proton 
sector. With the increasing of central density, consistently deepen-
ing of potential well, the SO splitting of π1d is slightly reduced, 
meanwhile the PS splitting of {π1d3/2, π2s1/2} is remarkably en-
larged because s orbital becomes more bound. As a result, the 
Z = 14 shell is quenched in 48Si∗∗ , see Fig. 3(b).

To summarize, the comparison of our predictions for the ground 
state of 48Si and the excited states 48Si∗ and 48Si∗∗ clearly illus-
trates the close relation between i) the central depletion in the 
density profile and the reduction of SO splitting of low-� orbitals, 
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as well as the increase of the splitting of PS doublet nearby, and 
ii) the reduction of the external density profile and the decrease of 
the SO splitting of the larger-� orbitals. The mechanism for the SO 
reduction is the same as the one described for other semi-bubble 
nuclei [11,41] and observed in 34Si [43]. Notice however that in 
Refs. [11,41] the variation of SO splitting are mainly assessed by 
comparing the difference between two neighboring nuclei with 
s orbital populated or not. The PSS plays also an important role 
in conjunction with the onsets of both dual semi-bubble struc-
ture and new magic shells N = 34 and Z = 14. 48Si is therefore a 
special nucleus, in which the onset of the dual semi-bubble struc-
ture induces various SO and PS couplings which coherently add 
together to strengthen the new magic shells. As a supplementa-
tion, the calculations with Hartree–Fock Lagrangians PKO1,3 [68,
69], and with Hartree ones DD-ME2 [70] and PK1 [71] were also 
preformed. The dual semi-bubble structure in 48Si is found to be 
rather common and, the enhancement of N = 34 shell gap from 
54Ca to 48Si is also confirmed. While it should be mentioned that 
the N = 34 shell gap in 48Si predicted by these Lagrangians is less 
pronounced than that given by PKA1, and coincidentally they al-
ready failed to reproduce the magicity in 54Ca.

Let us open a parenthesis on superheavy and hyperheavy nu-
clei, in which similar coupling between the onset of a bubble-like 
(or bubble) structure and the opening of new magic shell may play 
certain role. These nuclei lie beyond the currently known region of 
the nuclear chart and may also take the form of (semi-)bubbles 
[41,58–60]. In superheavy nuclei with Z ∼ 120, the polarization 
due to high-� orbitals and large Coulomb repulsion generate a 
central-depressed matter distribution. This makes large shell gaps 
possible at Z = 120, which corresponds to the large PS splitting of 
doublet {π2 f5/2, π3p3/2} coincident with the collapse of the π3p
splitting [41,58,72]. Although the mechanism producing the semi-
bubble shape in 48Si and Z = 120 superheavy nuclei is different, 
it is interesting to stress that the magicity in these two systems 
may originate from the same root: the occurrence of a bubble-like 
structure due to the quantum orbital effects, via reducing the SO 
splitting and enhancing the splitting between PS partners simulta-
neously, may trigger the opening of strong shell gap.

In the last part of this Letter, we now focus on the thermal 
excitation of 48Si. It is well recognized that the coupling to the 
continuum, particularly the low-lying s.p. resonant states, becomes 
more and more important as nuclei get close to the drip lines [2,
73,74]. For drip-line nuclei the structure of the s.p. continuum, 
apart from its interplay with magicity, can affect the location of 
the drip line itself [73–75]. In 48Si we also find the continuum has 
an interesting structure that a few resonant states are located just 
above the N = 34 shell. This structure allows a novel phenomenon 
to occur in 48Si, the pairing reentrance at finite temperature. In 
addition to the recently revealed ones 48Ni [76] and 176Sn [77], 
48Si can be the third candidate for such phenomenon. To show 
this, we employ the finite-temperature RHFB approach developed 
in Ref. [78].

At zero and very low temperatures 48Si is expected to be and 
to remain unpaired because of the distinct magicity. At finite tem-
perature, however, thermal excitations may populate the orbitals 
above Fermi level with certain probability. For 48Si, the relevant 
states are the valence neutron orbitals ν2p1/2,3/2 and ν1 f7/2, and 
the continuum states above the shell N = 34. The spreading of 
valence neutrons over these orbitals at finite temperature may 
switch on pairing correlations, leading to the so-called pairing 
reentrance. Since this phenomenon is going against the general ex-
pectation that the effect of thermal dynamics destroys pairing, it 
may take place only below the usual critical temperature in finite 
nuclei, ∼ 1.0 MeV [77–79]. In Fig. 4(a), we represent the neutron 
and proton pairing gaps �ν,π for 48Si as a function of temper-
Fig. 4. Pairing gap (a) and specific heat (b) for 48Si as a function of temperature 
T , calculated by finite-temperature RHFB with Lagrangian PKA1 and Gogny pairing 
force D1S [54]. The signatures for phase transition are marked by arrows. See the 
text for details.

ature. Two critical temperatures, corresponding to the low- and 
high-temperature boundaries of pairing reentrance, are predicted 
to be Tc1 ∼ 0.15 MeV and Tc2 ∼ 0.9 MeV. Outside this range, 
neutrons are in the normal (unpaired) phase. It is worth notic-
ing that protons also manifest pairing reentrance which appears 
from T ∼ 0.2 MeV and quenches at T ∼ 0.5 MeV, but the effects 
are negligible. This is because i) the proton Z = 14 shell is more 
robust than the neutron N = 34 one and ii) the relevant valence 
proton states around the Fermi level are much less than those of 
neutron’s because of the presence of Z = 20 shell above.

The specific heat CV reflects the second derivative of the free 
energy with respect to the temperature and it is thus sensitive 
to the thermal excitations of nucleus. Fig. 4(b) shows the specific 
heats obtained by switching on and off the pairing correlations for 
48Si. In the case where pairing is artificially switched off (in dashed 
lines), the specific heats of normal phase are almost a linear func-
tion of temperature. In the case where the pairing is determined 
self-consistently (in solid lines), the specific heats of superfluid 
phase present considerable difference with respect to those of nor-
mal phase, especially, the neutron specific heat demonstrates a 
non-monotonous variation with temperature. As the pairing cor-
relations rebuilt after Tc1, the neutron specific heat is suppressed 
with respect to the normal phase (see the lowest arrow), and af-
terwards it is distinctly enhanced with respect to normal phase, 
showing a clear bump around T = 0.8 MeV (see the second ar-
row). This peculiar behavior of the specific heat between Tc1 and 
Tc2 can be considered as a signature of pairing reentrance. More-
over, although protons present rather weak pairing, their specific 
heat is also different from the normal phase, showing that pro-
tons are sensitive to the phase transition occurring in the neutron 
channel since they are cross-interacting. Notice that the proton and 
neutron specific heats vary with opposite behaviors between Tc1
and Tc2, thus reducing the impact of the neutron superfluidity in 
the total specific heat. There is, therefore, a weak but still visible 
bump in the total specific heat at T ∼ 0.8 MeV (see the third ar-
row).

In our framework, particle number is imposed only on aver-
age from the chemical potential. It has been shown within the 
Bardeen–Cooper–Schrieffer (BCS) approximation including particle 
number restoration that, in some cases, doubly magic nuclei could 
be weakly paired even in their ground state [80,81]. This is an in-
teresting additional effect which is not included in our framework, 
but this prediction does not go against our prediction at finite tem-
perature, since these two kinds of correlations — particle number 
restoration and finite temperature — both act towards the same di-
rection: enhancement of pairing correlations. In the future, it will 
however be interesting to perform a finite-temperature RHFB cal-
culation with particle number restoration.



196 J.J. Li et al. / Physics Letters B 788 (2019) 192–197
The confirmation of pairing reentrance in 48Si represents very 
challenging predictions for both nuclear physics rare-isotope beam 
facilities and theoretical developments at the frontier of stability. 
Signatures of pairing reentrance may be low-temperature anoma-
lies of the specific heat or of the level density, or even might be 
deduced from pair transfer reaction mechanism [82,83]. Interest-
ingly, a similar phenomenon called pairing persistence [77,78] was 
recently predicted from finite temperature approaches and may 
occur in less exotic nuclei, close to subshell closure. The pairing 
persistence leads to an increase of the critical temperature beyond 
the usual BCS limit, powered by thermally excited states around 
the Fermi level. At low temperature (below ∼ 1.0 MeV) pairing can 
persist beyond the BCS limit due to the structure of the excited 
states. The mechanism for pairing persistence and pairing reen-
trance is therefore similar in nature, while occurring in different 
systems.

In summary, by employing the RHFB Lagrangian PKA1, we pre-
dict that 48Si may be the next doubly magic drip-line nucleus. 
Our prediction is however partly model dependent and other La-
grangians such as the PKOi series produce less evident magicity at 
N = 34. Note that the PKOi series are less complete in the kind 
of interacting vertex than the PKA1 Lagrangian and have already 
proven difficulties in reproducing recent observables in neutron-
rich nuclei that PKA1 could reproduce [35,41]. Independently of 
the model themselves, one can remark that 48Si is at the intersec-
tion between new magicities observed for neutrons and protons, 
i.e., Z = 14 in neutron-rich light nuclei [42,43] and N = 34 ex-
pected from measurements in 54Ca [29,36]. 48Si is also predicted 
to be the first candidate of dual semi-bubble nucleus with both neu-
tron and proton bubble-like shapes. A novel mechanism for the 
opening of new magicities is illustrated in this Letter, where the 
dual bubble-like structure produces a reduction of the SO split-
ting and an increase of the PS splitting, which coherently lead to 
the N = 34, Z = 14 shell gaps in 48Si. We suggest that measure-
ments of E(2+

1 ) and B(E2) values in isotones close to 48Si, such as 
50S for instance, will already provide trends which could be com-
pared to theoretical predictions. It is appealing to notice that new 
neutron-rich nuclei, such as 47P, 49S, close to the drip lines have 
been discovered very recently [84].

Moreover, 48Si is potentially one of the very few nuclei for 
which pairing reentrance occurs at finite temperature. The occur-
rence of such phenomenon depends sensitively on the structure 
of the s.p. spectrum, like the size of the shell gap and the type 
of resonant states, which impacts the values for the critical tem-
peratures Tc1 and Tc2, as well as the temperature dependence of 
the specific heat. There is therefore a strong model dependence 
in our prediction, for instance, the PKOi series predict pairing per-
sistence instead of reentrance at finite temperature. The weakly 
bound 48Si nucleus is only four neutrons beyond the heaviest iso-
tope presently observed, 44Si, making it yet unknown but probably 
accessible for the next generation of radioactive ion beam facil-
ities. We have shown that 48Si may be a very atypical nucleus 
benchmarking theoretical modeling. The confirmation or the refu-
tation of our predictions for the ground state and excited states 
of 48Si represents therefore both an experimental and theoretical 
challenge for the understanding of the nature of nuclear forces.

Finally, we should mention that the deformation, that leads 
to different s.p. structure from spherical case, may quench the 
bubble-like profile. To further examine the properties of 48Si, it 
is important to perform the RHFB calculations by imposing (at 
least) axial symmetry. While due to the complexity induced by 
Fock terms, particularly for the ρ-tensor coupling in PKA1, such 
calculations are not as trivial as the RHB case. This perspective is 
in progress and will be reported in the future.
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