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Examination of the evidence for a proton halo in Al
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More and more halo nuclei or candidates have been identified or suggested in experiments in recent years.
It was declared that the halo structure of Al is revealed by the large isospin asymmetry in **Si / 220 mirror
Gamow-Teller transitions [Phys. Rev. Lett. 125, 192503 (2020)]. We highlight that a significant mirror asymme-
try already exists between wave functions of the likely unbound nucleus ?2Si and the doubly magic nucleus 220,
which largely explains the observed asymmetry in the transitions. Furthermore, these transitions involve only the
1+ excited states of the daughter nuclei Al and 2*F. The 1+ state of 2 Al cannot be considered a halo state due to
its proton-unbound nature. An analysis of the spin parity suggests that a weakly bound 25, , valence proton in the
ground state of 2Al is improbable. To investigate the shell structure for the ground state of 2 Al, we employ the
state-of-the-art deformed and triaxial relativistic Hartree-Bogoliubov theories in continuum. We find that a small
s-wave component of 5% appears for the weakly bound valence proton in Al only when triaxial deformation
is considered. While the examination of densities and rms radii indicates that this small s-wave component is
insufficient to form a discernible proton halo in 22 Al, slightly larger 2s, /2 occupations have been reported in other
recent theoretical results. The question of how many low-¢ components are sufficient to form a proton halo in
the presence of the Coulomb barrier remains open. Thus, future measurements of reaction or interaction cross
sections and momentum distributions of breakup fragments are highly desirable to verify whether ?Al is a halo

nucleus.
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I. INTRODUCTION

In 1985, Tanihata et al. [1] measured the interaction cross
sections o; for *2''Li on targets Be, C, and Al at 790
MeV /nucleon. The root-mean-square (rms) radii of these
lithium isotopes were deduced from the measured o; by a
Glauber-type calculation. Surprisingly, 'Li exhibited a re-
markably larger radius, 3.27 £ 0.24 fm, compared with those
of approximately 2.5 fm for °Li. This was attributed to a
%zilrge deformation or a long tail in the matter distribution in

Li.

In 1988, Kobayashi et al. [2] measured the projectile frag-
mentation of ''Li at 790 MeV /nucleon. An extremely narrow
width of the transverse momentum distribution of the °Li frag-
mentation was observed. This narrow width was understood
to originate from the removal of the two weakly bound outer
neutrons in !'Li. They form a halolike structure enveloping
the core nucleus °Li, and such an unprecedented, exotic phe-
nomenon is thus termed “neutron halo.”
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Since then, it has become a paradigm that the identification
of a halo nucleus necessitates the observation of both an
enhancement in the cross section and a narrow momentum
distribution of the breakup fragments [3]. In addition, some
other features such as a low nucleon separation energy and a
soft E'1 excitation are indicative of a possible halo [4,5].

To date, about 20 halo nuclei or candidates have been
identified or suggested in experiments (see Fig. 1.4 of Ref. [3]
and Fig. 1 of Ref. [6]). It is noteworthy that there also could
be proton halos in proton-rich nuclei, e.g., B [7-9]. However,
due to the effects of the Coulomb barrier [10], the number of
proton halo nuclei and candidates is less than that of neutron
halo ones.

In 2020, a large mirror asymmetry of § = 209(96)% was
reported for the transition of 2*Si/?>Q partner to the first
1+ excited state of their respective daughter Al / 2?F [11].
It was declared in Ref. [11] that this asymmetry “reveals
the halo structure of 22Al” However, neither an enhanced
interaction/reaction cross section nor a narrow momentum
distribution of breakup fragments was observed for 22Al.
Moreover, the results presented in Ref. [11] pertain only to the
1" excited states of 2>Al, while its ground-state configuration
remains uncertain.

©2024 American Physical Society


https://orcid.org/0000-0002-8404-2528
https://ror.org/039vqpp67
https://orcid.org/0000-0003-3675-8238
https://ror.org/05fsfvw79
https://orcid.org/0000-0002-2050-0040
https://ror.org/023rhb549
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.110.014320&domain=pdf&date_stamp=2024-07-22
https://doi.org/10.1103/PhysRevLett.125.192503
https://doi.org/10.1103/PhysRevC.110.014320

K. Y. ZHANG, C. PAN, AND SIBO WANG

PHYSICAL REVIEW C 110, 014320 (2024)

In this paper, we discuss whether it is solid to suggest Al
as a halo nucleus from the existing experimental information.
Besides, based on the state-of-the-art deformed and triaxial
relativistic Hartree-Bogoliubov theories in continuum, we ex-
g{nine the possibility of a proton halo in the ground state of

Al

II. THE EXPERIMENT IN 2020

First, we introduce some details from Ref. [11] for the
convenience of the following discussion. The asymmetry pa-
rameter is defined as 8§ = fr*/ft~ — 1, where ft* is the
reduced Gamow-Teller (GT) transition probability of the g%
decay,

ft= S ey

(%)jff'MGle .

D and (ga/gv )efr are coupling constants and are considered
unchanged for mirror transition processes [11]. Mgy is the
nuclear matrix element,

Mgr = (final state|to |initial state), 2)

where T and o are the isospin transition and Pauli spin matri-
ces, respectively. The asymmetry parameter then reads

Sz’ﬁ_l: |M6T|2

Jr= M l?

A basic logic presented in Ref. [11] can be understood as
follows.

— 1. 3)

(1) If there is a halo in the drip-line nucleus *?Al, its wave
function will be spread out over a wide region.

(2) Its mirror nucleus F is relatively tightly bound with a
one-neutron separation energy of 5230(13) keV [12]
and is away from the drip line (*'F [13]) by nine
neutrons.

(3) The difference in the final states will lead to very
different nuclear matrix elements (2) for 2Si —
2Al and 20 — 2°F transitions, giving a large &
value (3).

While a possible explanation for the observed mirror
asymmetry was provided, it should be noted that the above
discussion solely concerns the final states in the transitions.
Namely, it is based on a crucial premise that the initial states
of 22Si and 2?0 are essentially similar. This is, however, likely
not true.

The N = 14 shell closure in >0 has been recognized for
several years [14,15], and the recent measurement on the rms
radii of proton density distributions for oxygen isotopes fur-
ther supports the double magicity of 20 [16]. Consequently,
220 is compact in nature, as also evidenced by its sizable two-
neutron separation energy of 10656(57) keV [12]. In contrast,
its mirror partner 2%Si is probably an unbound system beyond
the proton drip line. Based on the observation of S-delayed
two-proton emission in the decay of 22Si, its two-proton sep-
aration energy is deduced to be —108(125) keV [17]. In the
latest atomic mass evaluation (AME2020) [12], the extrap-
olated value for the two-proton separation energy of 2>Si is
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FIG. 1. Experimental level schemes for low-lying states below
4 MeV of *'Mg and the ground state of Al [25,26]. Spin parities
J™ and energies (in keV, with respect to the ground-state *'Mg,
and neglecting uncertainties) are given for each level. The bracket
indicates that J™ are not completely determined.

—1584(500) keV. Whether 22Si is unbound or very weakly
bound, its density distribution can be rather diffuse, e.g., see
results from the relativistic mean-field theory in Ref. [18]. In
fact, the two-proton radioactivity of 22Si and the correspond-
ing decay half-life have been predicted by many theoretical
models [19-23]. Therefore, a significant mirror asymmetry
has already existed in the wave functions of 22Si and 220,
which would be responsible for the large § to a considerable
extent. Given also that the discussion in Ref. [11] concentrates
on the 17 excited state of 22Al, it warrants careful considera-
tion to conclude that the halo structure of Al is revealed.
Furthermore, even if the 1T state could contain certain s
component, it is proton unbound in nature and, thus, cannot
be considered as a halo state.

III. GROUND-STATE ANALYSIS

Next, we discuss the ground state of 22 A1, Tts mirror nu-
cleus 22F has a ground-state spin parity of 4* and an excited
3% state at 72 keV. If the ground-state spin parity of 2>Al is 3%,
there might be a chance of a halo if it contains enough parent-
age of 2'Mg (whose ground-state spin parity is 5/2%) coupled
to a 2sy, proton. However, the B decay of **Al strongly
suggests a 4™ ground-state spin parity [24], which necessitates
a spin no less than 3/2 for the valence proton when coupled to
the ground-state 2'Mg. Even if the 4T state has some 72s, 2
occupation, the parentage has to be to 7/2% or 9/2" states
of 2!Mg, and the first candidates are at 3347 and 3643 keV
[25], as shown in Fig. 1. The one-proton separation energy of
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22 Al is recently measured to be 100.4(8) keV [26]. This means
that the separation energy of a 2s;, proton from the ground-
state Al is at least approximately 3447 (3347 4 100) keV,
which seems unfavorable for the formation of a proton halo.
Nonetheless, one cannot completely rule out the possibility
of a small s-orbital component, which might correspond to a
definite but not dominant halo [27].

In the conventional single-particle shell model, the valence
proton in **Al would occupy the 1ds,, orbital, which could
provide the correct spin parity but does not promote the for-
mation of a halo due to the centrifugal barrier. Since **Al is
an open-shell drip-line nucleus, the deformation, pairing cor-
relations, and continuum effects play indispensable roles in its
microscopic description. Therefore, the deformed relativistic
Hartree-Bogoliubov theory in continuum (DRHBc) [28-31]
could provide valuable insights. The DRHBc theory has been
successfully applied to the microscopic description of known
halo nuclei "B [27,32], 11%22C [33,34], *'Ne [35,36], and
37Mg [37,38], the prediction of new halo candidates Na
[6] and ****Mg [28,29,39], and the exploration of the limits
of nuclear existence [40—46]. While mean-field calculations
cannot yield states with well-defined spins, in the DRHBc
theory the angular momentum can be analyzed based on the
main components of the valence nucleon(s) and compared
with experiments, as a spherical Dirac Woods-Saxon basis
[47,48] that possesses good quantum numbers is used to ex-
pand wave functions. In this regard, the implementation of
angular momentum projection in the DRHBc theory [49,50]
for odd-odd nuclei in future work is also desirable.

In Ref. [51], the potential energy curves with different
proton and neutron orbitals blocked have been constructed
for 22Al using the DRHBc theory with the density functional
PC-PK1 [52]. It can be found in Figs. 1 and 2 of Ref. [51]
that the ground state of 22Al is deformed with B> =~ 0.3, and
the valence proton occupies an orbital with quantum numbers
Q7 =5/2%, where  denotes the parity and 2 is the projec-
tion of the total angular momentum on the symmetry axis. The
results show that this orbital has more than 99% 1ds,, compo-
nent. The 1ds,, component is also overwhelmingly dominant
for the valence neutron in both Al and 2'Mg. This is con-
sistent with the 5/2% spin parity for the ground-state >'Mg
and the fact that the 4 ground state of >>Al can be obtained
from the parentage of the ground state of >!Mg coupled to
a lds;, proton. However, we note that the 251/, component
cannot contribute to the valence proton in 2>Al since its total
angular momentum quantum number j = 1/2 is smaller than
Q = 5/2. Therefore, the ground-state halo structure of 22Al
is not supported by the DRHBc theory that assumes the axial
symmetry.

A recent calculation based on a Woods-Saxon potential
suggests that the region of halo nuclei could be extended
by triaxial deformation that allows the appearance of s- or
p-wave components in some weakly bound orbitals [53]. It
would be interesting to examine whether triaxial deformation
plays a role in the ground state of 2*Al. To this end, we
resort to the triaxial relativistic Hartree-Bogoliubov theory
in continuum (TRHBc) [54], which incorporates triaxiality,
pairing correlations, and continuum effects in a microscopic
and self-consistent way.
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FIG. 2. Energy ¢, versus occupation probability v for single-
proton orbitals around the Fermi energy A, (dashed line) in the
canonical basis for Al from (a) TRHBc and (b) DRHBc calcula-
tions. Each orbital is labeled by quantum number(s) 7 in (a) and Q7
in (b). The orbital occupied by the valence proton is in red, and its
components are given in the square brackets.

The calculated one-proton separation energy is positive for
22 Al but negative for 2'Al, i.e., the proton drip-line location
for aluminum isotopes [24] is correctly reproduced by the
TRHBc theory [54]. The TRHBc results from various density
functionals are also in good agreement with available data
for neutron separation energies and charge radii of aluminum
isotopes [54]. Here, taking the density functional PC-F1 [55]
as an example, we focus on the ground-state properties of
22 Al. Other numerical details in our calculation are the same
as those used in Ref. [54].

The calculated binding energy of 149544.8 keV repro-
duces well the recently measured result of 149313.1(3) keV
[26], with a discrepancy below 0.01%. However, the calcu-
lated one-proton separation energy of 21.7 keV is only about
one-fifth of the experimental one, 100.4(8) keV [26], which
means that the TRHBc theory describes 22Al as more weakly
bound than it actually is. The ground-state deformation pa-
rameters are 8 = 0.30 and y = 7.93° for 22Al, that is, slight
triaxial deformation occurs. To explore the effects of triaxial
deformation, we exhibit in Fig. 2(a) the single-proton orbitals
around the Fermi energy in the canonical basis for >>Al from
the TRHBc calculation, in comparison with those from the
DRHBc calculation in Fig. 2(b). We find that the influence of
triaxial deformation is on the order of 0.01 MeV for both the
single-proton energies and the binding energy. Nonetheless,
due to the breaking of axial symmetry, 2 is no longer a good
quantum number, which allows the appearance of 251/, com-
ponent in the weakly bound orbital occupied by the valence
proton. This is similar to the scenario discussed in Ref. [53]
for nuclei with N = 13 based on a Woods-Saxon potential;
here, Z = 13. Quantitatively, there are about 93% 1ds,, and
5% 2s1,, components.
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FIG. 3. Angle-averaged proton density as a function of radial
coordinate r for N = 9 isotones with the proton number ranging
from 8 ('70) to 13 (**Al). For 2Al, the TRHBc and DRHBc results
are shown by short-dashed and dashed lines, respectively. For other
isotones, the TRHBc and DRHBc theories yield the same results.

The inclusion of 2s;,, component in the valence proton
orbital is expected to extend the proton density distribution in
22 Al. To investigate this effect, we present the angle-averaged
proton densities for N = 9 isotones with 8 < Z < 13 in Fig. 3.
The TRHBc and DRHBc results for Al are represented by
short-dashed and dashed lines, respectively, while for other
lighter isotones the TRHBc and DRHBc results are identical.
Specifically, 170, '®F, ’Ne, 2°Na, and ?>'Mg are predicted to
be axially deformed in their ground states with 8, = —0.08,
0.27, 0.26, 0.42, and 0.32, respectively. Figure 3 shows that
near the central region (r < 4 fm), the proton density gradu-
ally increases with Z. At larger r, there is a notable increase in
the proton density from an even-Z isotone to the next heavier
odd-Z isotone. The proton density of this odd-Z isotone can
even exceed that of the next heavier even-Z isotone beyond
r &~ 10 fm. These are primarily due to the blocking effect of
the odd nucleon in extending density [34], with deformation
effects also contributing. For 22 A1, the difference between
the TRHBc and DRHBc results becomes evident only in the
region of » > 10 fm. In this region, the proton density of >2Al
with Z = 13 is approximately one order of magnitude lower
than the neutron density of the known neutron halo nucleus
7B with N = 12 (see Fig. 3 of the Supplemental Material of
Ref. [27]).

The slightly more diffuse proton density, attributable to the
minor 2s1,, component, corresponds to a marginal increase
in the proton rms radius of ??Al. This is depicted in Fig. 4,
which presents the proton, neutron, and matter rms radii for
N = 9isotones with 8 < Z < 13. While the proton rms radius
increases steadily with Z, the neutron rms radius remains
almost unchanged, and the matter rms radius lies between the
two. The differences in neutron and matter rms radii between
the TRHBc and DRHBc results for 2?Al are almost indistin-
guishable. As shown in Fig. 4, the most significant increase
in the proton rms radius occurs from 9Ne to °Na, due to
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FIG. 4. Proton, neutron, and matter rms radii for N = 9 isotones
with the proton number ranging from 8 (170) to 13 (**Al). For 2Al,
the TRHBc and DRHBc results are shown by solid and open symbols
(almost overlapped), respectively. For other isotones, the TRHBc
and DRHBc theories yield the same results that are shown by open
symbols.

deformation effects, rather than from 2'Mg to ??Al. Conse-
quently, the 251/, component of only 5% appears insufficient
to form a discernible proton halo in the present calculation.

Of course, the s-wave component may vary depending on
the employed pairing strength and density functional. Fur-
ther calculations indicate that triaxial deformation and the
251/, component can be enhanced by pairing. For instance,
increasing the pairing strength from Vy = —342.5 MeV fm?
to —350 MeV fm?® results in deformation parameters for
22Al of B =0.29 and y = 9.33°, with the 251/, component
increasing to 8%. However, this enhanced pairing renders
the one-proton separation energy of 2>Al negative, as 22Al
gains less binding energy than the even-Z nucleus 2'Mg.
While the TRHBc calculations with other density functionals
such as PC-PK1 yield similar results as above, the ab ini-
tio valence-space in-medium similarity renormalization group
calculations employing four sets of chiral interactions predict
a somewhat larger 7251, occupation of S 0.2 for the ground-
state **Al [56]. Additionally, a larger 725y, occupation of
0.29 is predicted by shell-model calculations using USD
Hamiltonians [26].

It was generally accepted that a significant quantity of
low-£ components are necessary for halo formation. However,
a small s-wave component of 9(2)% has been observed and
reproduced by the DRHBc theory for the halo nucleus !B,
indicating that the dominant occupation of s or p orbitals is
not a prerequisite for a neutron halo [27]. On the other hand,
the Coulomb barrier hinders the formation of a proton halo.
Therefore, here we cannot draw a firm conclusion on whether
22A1 is a halo nucleus, but our results demonstrate that the
appearance of s-wave components for the valence proton in
22 Al necessitates the consideration of triaxial deformation at
the mean-field level.
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IV. SUMMARY

In summary, we argue that it is unconvincing to suggest
a proton halo in ?Al based on the large mirror asymmetry
observed in the 22Si/?>0 — 22Al/?F transitions. First,
this asymmetry can be largely attributed to the differences
between the wave functions of the doubly magic nucleus >0O
and the likely unbound nucleus 2*Si. Second, the transitions
involve the 11 excited states rather than the ground states of
22 Al and 22F. Third, even if the 17 state of 22Al contains some
s-wave component, it cannot be considered a halo state due to
its proton-unbound nature.

An analysis of the spin parity suggests that a weakly bound
251> valence proton in the ground-state 22Al is improbable.
The ground state of *?Al is investigated using the DRHBc
and TRHBc theories. A small s-wave component of 5% ap-
pears for the weakly bound valence proton in Al only when
triaxial deformation is considered. Examination of densities
and rms radii indicates that this small s-wave component
is insufficient to form a discernible proton halo in 22Al.

Nevertheless, other recent theoretical calculations have
yielded slightly larger 725, occupations for the ground state
of 22Al. Since how many low-£ components are sufficient to
form a proton halo in the presence of the Coulomb barrier
remains an open question, a firm conclusion on whether 22Al
is a halo nucleus has not been obtained. Future measurements
of reaction or interaction cross sections and momentum distri-
butions of breakup fragments for >>Al are highly desirable.
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