PHYSICAL REVIEW C 109, L061304 (2024)

Unveiling potential neutron halos in intermediate-mass nuclei: An ab initio study
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Halos epitomize the fascinating interplay between weak binding, shell evolution, and deformation effects,
especially in nuclei near the drip line. In this Letter, we apply the state-of-the-art ab initio valence-space
in-medium similarity renormalization group approach to predict potential candidates for one- and two-neutron
halo in the intermediate-mass region. Notably, we use spectroscopic factors (SF) and two-nucleon amplitudes
(TNA) as criteria for suggesting one- and two-neutron halo candidates, respectively. This approach is not only
theoretically sound but also amenable to experimental validation. Our research focuses on Mg, Al, Si, P, and S
neutron-drip-line nuclei, offering systematic predictions of neutron halo candidates in terms of separation ener-
gies, SF (TNA), and average occupation. The calculation suggests the ground states of 40424446 ] 41.4345.47g5
46.43p and 474§ are promising candidates for one-neutron halos, while #4244 Mg 47 A], 46488 49p and
305 may harbor two-neutron halos. In addition, the relative mean-square neutron radius between halo nuclei and
inner core is calculated for suggested potential neutron halos. Finally, the relations of halo formations and shell

evolution are discussed.
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Introduction. Nuclear halo formation is an important fea-
ture of nuclei with extreme N/Z ratios near the limits of
nuclear stability. Only a few neutron halo nuclei have been
identified at the light nuclear drip line, such as SHe [1,2],
"Li 3], “Be [4], "B [5], 2C [6], and *°F [7] two-neutron
(2n) halos, alongside the one-neutron (1n) halo nuclei in-
cluding ""Be [8], '>'°C [9-12], *'Ne [13], and *"Mg [14].
The discovery and ongoing research into neutron halos have
significantly altered the foundational concepts of nuclear
physics, highlighting large sizes, soft E'1 transitions, narrow
parallel momentum distributions of the residue, large cross
sections for nucleon(s) breakup, core shadowing, sudden and
large increase of the reaction cross section [15]. Halo nuclei
are characterized by their unique structure, featuring one or
two nucleons, typically neutrons, that are weakly bound and
decoupled from the nuclear core [13], which can be treated in
a core plus one or two nucleons picture. Their significance in
nuclear physics stems from their ability to shed light on new
facets of nucleon-nucleon interactions, challenge traditional
nuclear models, and expand our understanding of nuclei under
extreme conditions.

Halo nuclei are predominantly influenced by valence 1n
or 2n that are weakly bound. Another necessary condition
for halo formation is that the valence 1n or 2n occupy a
low orbital angular momentum with £ = 0 or 1. This low-¢
facilitates the extensive spread of the neutron wave function
far from the core, owing to the minimal, or absent, centrifugal
barrier [15]. This phenomenon, shown by nuclei such as the
heaviest neutron halo nucleus *’Mg, exemplifies a deformed
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p-wave halo with S, = 0.227015 MeV [14,16], highlighting
its halo characteristics.

The emergence of halo structures signals profound al-
terations in the shell configuration, wherein the mixing
of intruder states can precipitate substantial deformations
[13,17]. The characteristic halo of 11§, for instance, can be
traced back to the vanishing of the N = 8 shell closure with
the intruder 1s;/, orbital that leads to strong mixing between
Op1 2 and 1sy, orbits [18,19]. The 2n halo structure observed
in °F emerges from the erosion of the traditional N = 20 shell
gap, due to the intrusion of the 1p3,, orbital from a higher
shell. The case of *'Ne was strongly suggestive of the pres-
ence of deformation [13], which is driven by a disappearance
of the N = 20 shell closure due to the near degeneracy of
the v0f7,2 and v1p3, orbits [20]. In addition, halo structures
may impart added stability, affecting the location of the drip
line, and deepening our understanding of nuclear structure
[21]. The neutron-rich Mg, Al, Si, P, and S isotopes provide
excellent conditions for the study of halo structures.

Various theoretical models have been developed to de-
scribe and anticipate such features, including the few-body
model [22,23], shell model [24,25], antisymmetrized molec-
ular dynamics [26], halo effective field theory [27], density
functional theory [28-31], etc. The valence-space in-medium
similarity renormalization group (VS-IMSRG) [32-35] stands
out as a formidable ab initio technique [33,36,37]. This
method offers an efficient solution to tackle the intricacies
of the nuclear many-body problem. Moreover, it boasts the
advantage that no additional parameters are introduced in the
calculation, ensuring reliable predictions. In this study, we
employ the VS-IMSRG to suggest potential candidates for
In and 2n halo nuclei within the intermediate-mass region.
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Diverging from traditional methodologies that rely on root-
mean-square radii [38,39] and density distribution [40-42],
our strategy is to characterize the 1n and 2n halos utilizing
spectroscopic factor (SF) [38] and two-nucleon amplitudes
(TNA) [43], respectively. This methodology offers a fresh
perspective on suggesting and understanding halo nuclei.

This Letter is organized as follows. First, we introduce
the theoretical framework of VS-IMSRG. We then proceed
to calculate the single- (S,) and two-neutron (S,,) separation
energies for neutron-rich Mg, Al, Si, P, and S isotopes, as well
as other physical quantities such as SF and TNA. Finally, we
present our suggestions for nuclei exhibiting characteristics
of 1n and 2n halos and discuss the interplay between shell
evolution and halo properties.

Method. Beginning with an intrinsic A-nucleon Hamilto-
nian

;i —p))
H = Z( 2mA] ) + Z Ul_/k’ (1)

i<j i<j<k

where p denotes the nucleon momentum in the laboratory,
m is the nucleon mass, v™" and v3" correspond to the
nucleon-nucleon (NN) and three-nucleon (3N) interactions,
respectively. The yEFT NN + 3N interaction EM1.8/2.0
[44,45] is employed in the present work. Additionally, cal-
culations were also carried out using the NN + 3N(Inl)
interaction [46], for which the induced 3N force is neglected
by adopting a large similarity renormalization group scale of
A = 2.6 fm~' for the NN interaction. For both interactions,
we take the harmonic-oscillator basis at iw = 16 MeV with
emax = 2n + [ = 14 and Esp,x = 14, ensuring sufficient con-
vergence for our calculations [47]. Then, the Hamiltonian is
rewritten as normal-ordered operators and typically truncated
at the normal-ordered two-body level. In this way, the con-
tribution of the 3N interaction can be naturally included in
a normal-ordered two-body approximation [33,48], while the
residual normal-ordered three-body term is neglected.

The VS-IMSRG aims at decoupling the normal-ordered
Hamiltonian from the large Hilbert space to a small valence
space. This is achieved by solving the flow equation

dH
d“) = [n(s), H(s)] @)
s
with an anti-Hermitian generator,
d
051 = 205 = (o), 3)

In the present work, the valence space of protons in the
sd shell and neutrons in the pf shell above the 2Q inner
core is adopted. We use the Magnus formalism [49] of VS-
IMSRG with ensemble normal ordering [34], in which the
effects of 3N force can be captured at the two-body level,
to generate consistently valence-space effective Hamiltonians.
Subsequently, the obtained Hamiltonian can then be exactly
diagonalized using the large-scale shell model code KSHELL
[50], which is also used to calculate the SF and TNA.

Results. 1t is well recognized that weakly binding in low-¢
components is a salient feature and a necessary condition in
the formation of nuclear halos. Therefore, to foresee 1n and

2n halo nuclei, our first step entailed the calculation of the
S, and Sy, for 37 48Mg, 3B4A|, 41-52gj, 42-53p and 45-56g,
These calculations were performed utilizing the EM1.8/2.0
and NN + 3N(Inl) interactions within the VS-IMSRG frame-
work. In our previous study [47], we applied the same nuclear
forces to the N = 28 region and successfully reproduced cru-
cial observables, such as low-lying spectra and deformations.
The results of calculated separation energies using ab initio
VS-IMSRG are summarized in Fig. 1, along with available ex-
perimental data [51,52] and other theoretical results including
the finite-range droplet model [FRDM(2012)] [53], Gogny-
Hartree-Fock-Bogoliubov (Gogny-HFB) [54], and Skyrme
energy density functionals theory (DFT) with UNEDFI, SV-
min, SkP, SLy4, and SkM* [55] potentials.

In our study of potential 2n halo nuclei, we reference ''B
and 2F as established examples with their S5, values recorded
at 1.384(0.205) MeV [56] and 1.126(0.539) MeV [57], re-
spectively. To suggest potential halo candidates, we consider
a broad range of low S, values. For potential 1n halos, we
consider that S,, should be smaller than 1 MeV. This threshold
is slightly above the S, of about 900 keV for the p-wave halo
in ®Ne [38,58]. Nuclei with S, and S,, larger than —1 MeV,
classified as unbound, are still considered to be weakly bound
and meet the condition for small separation energy necessary
for neutron halos, considering theoretical uncertainties and the
absence of continuum coupling. Under this assumption, Fig. 1
highlights the regions with —1 < S, < land —1 < 5y, < 1.4
[14]. Nuclei in these shaded areas meet the criteria for being
weakly bound neutron halos.

The odd-even staggering pattern of S, and the decreas-
ing trend of S, with increasing N are well reproduced for
those isotopes. For Mg isotopes, the 1n drip line is located
at *’Mg, while ¥Mg, confirmed experimentally, is unbound
[59,60]. Calculations from EM1.8/2.0, SV-min, Gogny-HFB,
and UNEDF1 are in agreement with the data. *’Mg meets the
separation energy criterion and has become the focus of 1n
halo nuclei studies in Mg isotopes. Turning to Al isotopes,
the discovery of **Al suggests a proximity to the drip line,
potentially extending to even more neutron-rich isotopes [60].
Synthesizing theoretical results, we point to 0424440 A a5
satisfying the S, criterion for a potential halo. Similar to
S,, when combining our VS-IMSRG calculations with re-
sults from other models for S,,, we find that the isotopes of
40.42,44.46Mo possess the necessary weak binding properties,
making them potential candidates for 2n halos. Moreover,
4547 A1, 46485 4951p and 395254, falling within the shaded
area, will be the focus of our study. Furthermore, the N = 28
and 32 subshells, present in the calcium chain, are absent in
the Mg, Al, Si, P, and S isotopes from the calculated S, and
S5,. In addition, the N = 34 subshell is enhanced in those
chains when moving from Ca to Mg isotopes from the pre-
dicted S, using VS-IMSRG.

Merely evaluating small separation energy proves in-
adequate for confirming halo formation. Our methodology
introduces SFs and TNA as key indicators, complemented by
average occupation, drawing insights from established halo-
nuclei characteristics. The SF is reflective of the occupation
probability of a nucleon within a specific orbital [15], defi-
nition referenced in Refs. [61,62]. The SF of s or p wave is
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FIG. 1. The calculated S, and S,, for Mg, Al, Si, P,

and S isotopes using EM1.8/2.0 and NN + 3N(Inl) interactions, along with

experimental data and results from other theoretical models. The highlighted regions indicate —1 < S, < 1 and —1 < §,, < 1.4, which are

key areas of interest.

typically large in 1n halo. Furthermore, the TNA extends this
concept to 2n halos, which describes the probability amplitude
for the simultaneous removal of a pair of nucleons in a specific
orbit [43], defined from Ref. [63]. In the following discussion,
we apply the calculated SF and TNA to suggest candidates for
1n and 2n halo nuclei. For a 1z halo, the occupation percent of
1n in the s or p wave should be larger than that in other types
of nuclei. A similar situation occurs for the 2n halos, which
give a large percent of the occupation of 2n in the s or p wave.

We first consider the 1n halos and calculate the SF and
percent of 1n in p-wave occupancy for 3'Mg, 40424446 A1
41,43,45,47G; 46.48p gpd 47.49.51g, presented in the upper and
lower panels of Fig. 2, respectively. These isotopes exhibit
a small S, considering only the p waves (pi/2,3,2). Due to
the uncertainty of our ab initio calculations, the low-lying
states with excitation energies (E,,) less than 0.5 MeV are
considered, and the associated SFs are calculated for the g.s.
of the daughter nuclei. The results from NN + 3N(Inl) and
EM1.8/2.0 interactions are almost identical. Thus only results
of EM1.8/2.0 are presented in the following.

Combining the experimental data with theoretical shell
model calculations, Ref. [14] concluded that the g.s. 37Mgg's'
is a weakly bound p-wave halo with a spin-parity of either
3/27 or 1/27. Our VS-IMSRG calculations give the g.s. of
3"Mg as 1/2~ with a closely aligned 3/ 2 state. Moreover, the
SFs for the 1/2, and 3/2 states are also very close, being
0.272 and 0.267, respectively, corresponding to the significant
percentages of 1n in p-wave occupations. The results align
with shell model calculations in Ref. [14]. Furthermore, the

5/2] excited state, with its small SF value, corresponds to
a minor percentage of 1n in p-wave occupation. SF and 1n
occupations both suggest that 3/2; and 1/2] states possess
halo characteristics. The appearance of the p orbital in the
g.s. of *’Mg shows a breakdown of the N = 28 shell gap. The
discovery is also crucial in understanding the features of the
island of inversion. The results align with the experimental
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FIG. 2. SF and the percent of 1n in p-wave occupations of nuclei
satisfying the S, condition were calculated using the EM1.8/2.0
interaction. The solid red and green lines represent the results of
3"Mg as the reference.
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Occupation

p wave

Mg BMg Mg Mg “Mg Mg ‘Mg

FIG. 3. The calculated p- and f-wave occupations for Mg iso-
topes using the EM1.8/2.0 interaction. A, represents the increase in
p-wave occupation relative to the core and the shaded areas represent

possible candidates for 2n halos.

data and the shell model calculations in Ref. [14], inconsis-
tent with the result from the HFB calculations in Ref. [64].
This alignment of our calculation with experimental measures
underscores the validity of our approach in suggesting the halo
candidate.

The average SF of the 1/2,, and 3/27 states and the

p-wave average occupation of 1z in ¥’Mg serves as the ref-
erence for 1n candidate halo studies, delineated by the solid
red and green lines in the upper and lower panels of Fig. 2,
respectively. The large SF of p waves indicates an increased
propensity for valence neutrons to occupy the p3 /> 1/, orbitals,
thereby enhancing the potential for halo formation. By es-
tablishing a threshold SF value above which a nucleus can
be deemed a candidate for a 1n halo, we suggest the poten-
tial candidates for halo structures in the g.s. of 40,42,44.46 A
4.43.45.47g7  4648p  and 47495, We exclude 'S due to its
bearing a small p-wave SF. Drawing on the calculated 1n
occupancy, we predict a strong possibility of a halo in 4*4?Al,
41,43g; 46.48p and 4°S. These predictions exhibit a high de-
gree of consistency with those derived from SF calculations.
Notwithstanding the slight discrepancies for **Al, **Si, and
47Si, the p-wave occupancy in these isotopes is remarkably
similar to that in >"Mg, thereby qualifying them as potential
halo candidates within our defined margin of error. Moreover,
the excited states, such as “°Al(37), “?Al(37), “Al(3]), and
48P(ll_), also exhibit traits indicative of a 1n halo. Notewor-
thy is the case of *?Al, currently recognized as the most
neutron-rich odd-odd aluminum isotope observed to date [60].
Upcoming experimental work for Al will help validate the
ab initio predictions.

To comprehend 2n halos, we first examine the neutron
occupation for Mg isotopes. Our results, as depicted in Fig. 3,
elucidate the evolution of occupation in p (1p3/2,12) and f
waves (0f7,2,5/2). The green-shaded region indicates possible
candidates for 2n halos, according to Sy,. Our results reveal a
pronounced convex trend in the p-wave occupancy as neutron
numbers increase. We also analyzed the occupation of the pair
of weakly bound neutrons in the p wave (A)), specifically
examining the difference in p-wave occupancy between the
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FIG. 4. Results of VS-IMSRG calculations with EM1.8/2.0 in-
teractions of TNA? in the p wave (red rhombus) and the percent of
2n in p-wave occupation (blue round). The solid line represents the
threshold with 2°F as the reference and the dashed line represents >’F.

parent (A) and daughter (A — 2) nuclei. The results indicate
that there is an enhanced p-wave occupation in ***Mg. Ad-
ditionally, the valence 21 occupancy in **4®Mg is also found
to be significant.

To further suggest and analyze potential 2x halos, the cal-
culated sum of TNA? for two nucleons occupying the same p
orbital, is presented in Fig. 4 (labeled as TNAZ in the p wave),
alongside the percentage of 2n in the p-wave occupancy,
ie., A,/2, for comparison. Within the TNA calculations, we
primarily focus on the spin-parity consistency between the
g.s. of the parent nucleus (with A nucleons) and the daughter
nucleus (with A — 2 nucleons), where the transferred neutron
pair (I = 0) is predominant.

The reference case of 2°F, an experimentally confirmed 2n
halo nucleus [7], is calculated using the cross-shell SDPF-
MU interactions, as seen by the red and blue solid lines in
Fig. 4. Moreover, for comparison, 2TR, which is not a halo,
is also calculated. The calculated values of TNA? in the p
wave and the percent of 2n in p-wave occupation are large
in F compared to that of 2’F. The analysis of 21 occupancy
percentages and TNA? in various isotopes yields consistent in-
ferences regarding potential halo nuclei. Specifically, p-wave
occupation percentages and TNA? values in the g.s. of 3'p
and >>>*S are akin to those in ?’F, yet fall short of the halo
reference set by *°F. This phenomenon is attributed to the
appearance of the N = 34 shell closure in these isotopes,
where the valence neutrons in isotopes beyond the N = 34
subshell are nearly absent in the p wave. This suggests that
these isotopes are not candidates for halo nuclei. Conversely,
the g.s. of 40424446\ jsotopes demonstrates promising signs
as 2n halo candidates, echoing our prior occupation predic-
tions. The predicted 2n halos for **>*Mg align with that
of HFB calculations [31,64]. Extending this methodology to
Al, Si, P, and S isotopes, we have identified potential 2n halo
candidates, such as the g.s. of ®**7Al, 4648i, 4°p_and *°s.

Our approach, incorporating TNA as a tool for fore-
casting 2n halos, offers an accessible observation through
experimental means. As demonstrated in Fig. 4, the concur-
rence between TNA and occupation calculations confirms the
reliability of the view. Despite some discrepancies, such as
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TABLE 1. The relative mean-square neutron radius (in units of fm) between halos and the inner core for the suggested 1n or 2n halo
candidates, calculated using the VS-IMSRG with the EM1.8/2.0 interaction.

Nuclei 371\/[g 40Al 41 Si 42A1 43Sl 44A1 4SSi 46A1 46P 47Si 47S 48P 495
AR, 0.644 0.655 0.621 0.532 0.630 0.636 0.568 0.661 0.556 0.559 0.554 0.414 0.580 0.489 0.589 0.508 0.526 0.547
Nuclei Mg “Mg “Mg %Al *Si “Al ®sp #p g
AR,, 0.825 0.909 0.834 0.767 0.763 0.750 0.791 0.807 0.815

those observed in *8Si, these can be considered negligible
when taking into account the variations between TNA and
occupation, as demonstrated in the case of 2E. However, con-
firmation of these candidate halo nuclei requires experimental
verification.

Finally, we calculate the relative mean-square neutron ra-
dius between halo nuclei and their inner core, donated by
AR, /AR,,, which are defined as /(R2)a11/a42 — (R2)4, us-
ing VS-IMSRG calculations based on EM1.8/2.0. The results
are shown in the upper and lower panels of Table I for sug-
gested 1n and 2n halo candidates, respectively. The continuum
coupling is absent in the present VS-IMSRG calculations,
which should enhance the AR, ,, values and reinforce the
halo features.

The disappearances of the N = 28 and 32 subshells in the
Mg, Al, Si, P, and S isotopes extend the neutron-dripline in
those isotopes and contribute significantly to the existence of
1n and 2n neutron halos in this region. This situation is in line
with the disappearance of the N = 20 subshell in fluorine iso-
topes, which extends the dripline to *'F [21] and contributes
to the 2n halo structure in °F. Future experimental studies,
including direct mass, SF, and TNA measurements targeting
these nuclei, could provide crucial insights into the nature of
halo phenomena in medium-mass nuclei, thereby expanding
our comprehension of nuclear structures at the extremes of
the nuclear landscape.

Summary. We conducted a comprehensive investigation of
halo nuclear phenomena across the isotopic chains of Mg, Al,
Si, P, and S using the ab initio VS-IMSRG. We have accu-
rately replicated the observed odd-even staggering effect in S,
and the decreasing trend with N increasing in Sy,. This precise

depiction allowed us to suggest a series of weakly bound
nuclei as potential candidates for further study. We introduced
a view to evaluate these nuclei for halo phenomena, leveraging
SF and TNA for 1n and 2n, respectively. Using *’Mg as a
reference for 1n halo nuclei, the SF calculation shows con-
sistency with the result of the p-wave occupation, leading to
the prediction that 40:42:4446 A1 41.43.45.47G; "4648p apd 4749
are potential 1z halos candidates. Similarly, using *’F as a
reference standard for 2n halo nuclei, our findings from TNA
calculations suggest the g.s. of 40424446\ [g 454771 46.48g5
“p, and °S as promising candidates for 2n halos. Finally,
we unveil the interplay between shell evolution and the emer-
gence of halo structures in nuclei, illuminating a fundamental
aspect of nuclear physics. Notably, SF and TNA are both
experimentally extractable. Hence, our strategy provides an
experimental correlation between the SF and TNA for the
existence of 1n and 2n halos, respectively.
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