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We report the decisive resolution of the ground state spin and parity of the proton–drip line nucleus 22Al,
a prime candidate for a proton halo. The resolution stems from the first β-delayed charged particle emission
experiment in the gas stopping area at the Facility for Rare Isotope Beams (FRIB), leveraging high-
intensity, low-energy beams extracted from the Advanced Cryogenic Gas Stopper (ACGS). The pristine
beam quality from FRIB and the ACGS enabled a sensitive particle identification technique using thin
silicon detectors, allowing for the suppression of the dominant proton background and the first observation
of the weak β-delayed α transition from the isobaric analog state in 22Mg to the 18Ne ground state. This
observation uniquely fixes the 22Al ground state as 4þ. The valence proton is confined by a dominant d-
wave centrifugal barrier which, combined with the Coulomb repulsion, hinders the tunneling required for
halo formation despite the exceptionally low proton separation energy of 22Al.

DOI: 10.1103/3lpm-sy41

Near the limits of nuclear stability, the classical picture of
the nucleus as a compact liquid drop breaks down, giving
rise to the nuclear “halo.” This exotic structure emerges in
loosely bound systems where a vanishing separation energy
allows valence nucleons to tunnel far into the classically
forbidden region. The resulting spatially extended wave
function creates a unique state of dilute nuclear matter that
defies standard geometric scaling laws. The nuclear volume
tends to scale with the nuclear mass number A, but for halo
nuclei, the nuclear matter radius R ∼ A1=3 can be as large as
would be expected for a nuclide composed of 4–5 times as
many nucleons; an example of such a case being the nuclear
matter radius of 11Li of approximately R ¼ 3.5 fm—the
same as that of 48Ca [1]. Halo nuclei are rare and serve as
distinct test beds for quantum phenomena at the edge of
unbinding.
While weak binding is a necessary condition for halo

formation, it is not sufficient; the quantum tunneling
required to sustain a halo is critically sensitive to the

confining potential barriers [2,3]. For a halo to develop,
the valence nucleon must not be inhibited by a high
potential barrier. Consequently, the orbital angular momen-
tum l plays a decisive role. The centrifugal barrier, propor-
tional to lðlþ 1Þ, strongly suppresses the tunneling of
nucleons in high-l orbitals, effectively confining the wave
function to the nuclear core. Therefore, halos are predomi-
nantly associated with s waves (l ¼ 0) or occasionally p
waves (l ¼ 1). This structural fragility is further com-
pounded in proton-rich nuclei by the Coulomb barrier.
Unlike neutrons, which can form halos relatively easily in
light nuclei (such as 11Li or 11Be), for loosely bound protons
the outer tail will be quenched by the repulsive long-range
Coulomb potential. As a result, genuine proton halos are
rare and remain a subject of intense debate [4–7].
Proton halos in the sd shell have been envisaged since

[8], often in light isotopes of Si and P. Recently, much
interest has been given to the lightest bound Al isotope,
22Al. The recent interest started with the observation [9] of
an asymmetry between the β decays into the lowest excited
1þ states in 22Al and its mirror nucleus 22F that was
attributed to a proton halo structure. Two detailed theory
papers [6,10] do not support this conclusion, in particular
not for the ground state, but acknowledge the incomplete
experimental situation that has been partially alleviated by
recent mass measurements [11,12] which have established
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the proton separation energy of 22Al to be Sp ¼
100.3ð8Þ keV [13].
The realization of a halo structure depends entirely on

the quantum numbers of the valence nucleon, which dictate
the height of the centrifugal barrier. The structure of 22Al
can be modeled as a valence proton coupled to a
21Mgð5=2þÞ core, but the spin and parity Jπ of the 22Al
ground state have remained ambiguous, with experimental
evidence and theoretical models oscillating between a 3þ
and a 4þ assignment, as discussed below. This distinction is
the primary determining factor for the existence of a halo. A
Jπ ¼ 3þ assignment may allow the valence proton to
occupy an s1=2 orbital (l ¼ 0) relative to the core, facing
no centrifugal barrier and allowing for the possible for-
mation of an extended proton halo. Conversely, a Jπ ¼ 4þ
assignment places the proton in a d5=2 orbital (l ¼ 2),
where the combined centrifugal and Coulomb barriers
would confine the proton, resulting in a more standard
nuclear structure.
The interest in 22Al is not only due to its potential halo

nature, but also due to it being the lightest precursor to
β-delayed 2-proton emission [14]. The discovery of
β-delayed 2-proton emission was made in the early
1980s [15,16] from 22Al via the isobaric analog state
(IAS) in 22Mg. After this discovery was made, the question
of whether this decay mode could proceed via direct “2He”
emission, as opposed to sequential “proton-proton” emis-
sion, was studied theoretically [17]. Apart from the halo
nature of 22Al, its ground state spin and parity are also of
importance in the context of β-delayed 2-proton emission,
since they have implications for the confining potentials
which the two protons penetrate during the decay—either
sequentially or directly—and as to how well the nuclear
structure accommodates one form of decay over the other.
The structural interpretation of 22Al is informed by

knowledge from its mirror nucleus 22F, which decays to
the stable and well-characterized [18] nuclide 22Ne. Under
strict isospin symmetry, the ground state of 22Al has the
same spin and parity as the ground state of 22F. Together
with 22Mg, 22Na, and 22Ne, these nuclides constitute an
isospin T ¼ 2 quintet. While the β-decay strength from 22F
to excited states in 22Ne restricts the 22F ground state to an
even parity and a spin of J ¼ 3 or 4 [19], a precise
assignment remains elusive. This is in part due to the
presence of a first excited state in 22F at just 72 keV. The
deexcitation of this state to the ground state is found in [20]
to change the spin by one unit and is assigned 3þ, assuming
the ground state of 22F is 4þ. A study of the 21Fðd; pÞ22F
reaction in inverse kinematics has found that the ground and
first excited states in 22F, in unison, are dominated by d5=2
single-neutron strength [21]. This implies that the ground
state of 22F, with a tentative Jπ ¼ ð3; 4Þþ assignment, is
associated with an l ¼ 2 coupling of the valence neutron to
the 21F core, regardless of the spin of 22F. In the same study,

the observation of predominant d5=2 single-neutron strength
in 22F is shown to agree very well with the results of sd-shell
model calculations [22].
What is clear, based on the available literature on the

T ¼ 2 quintet, is that the two lowest-lying states in 22F are
3þ and 4þ; two 3þ states in such close proximity is highly
unlikely. It is, however, unclear which of the two states has
the lowest energy in 22F. In the proton-rich 22Al, the
Thomas-Ehrman shift—driven by the spatial extension
of the unbound proton wave function—could lower the
energy of the analog 3þ state, which could, in turn, be
associated with a low angular momentum l. This effect
might conceivably induce an inversion in the ground and
first excited states in 22Al relative to 22F, if the first excited
state in 22F is indeed a 3þ state. In other words, the ground
state of 22Al could be a 3þ state regardless of the ground
state of 22F possibly being a 4þ state.
We report the first observation of β-delayed α emission

from the 22Al ground state, proceeding via the IAS in 22Mg
to the ground state of 18Ne. As detailed below, this
observation (1) uniquely determines the spin and parity
of the 22Al ground state to be 4þ, (2) resolves the long-
standing ambiguity in the A ¼ 22 isospin quintet and
(3) challenges the status of 22Al as a halo nucleus.
The relevant decay scheme is presented in Fig. 1.

Previous studies at GANIL [23,24] and HIRFL [25]
identified the β-delayed α branch to the first excited
(2þ) state of 18Ne (indicated by the blue arrow).
However, the critical transition to the 0þ ground state
(indicated by the red arrow) remained unobserved in these
experiments, likely due to the overwhelming background
from β-delayed protons.

FIG. 1. Decay scheme for the β-delayed α emission of 22Al. The
newly observed transition to the 18Ne ground state is highlighted
in red. The mass and proton separation energy of 22Al are adopted
from [11], and the IAS energy is derived from our measured β-
delayed proton spectrum. Other level parameters are adopted
from [9,26,27]. The 1.01 MeV 1þ state in 22Al is the lowest-lying
known excited state, and is particle unbound. Its energy is
recalculated, based on the new mass measurement in [11],
increasing it from 0.91 MeV reported in [9].

PHYSICAL REVIEW LETTERS 136, 202503 (2026)

202503-2



The present measurement was performed at the Facility
for Rare Isotope Beams (FRIB). A 5 kW primary beam of
36Ar was accelerated to 210 MeV=u before impinging on a
8.07 mm carbon production target. The resulting in-flight
cocktail beam was momentum-to-charge-separated in the
Advanced Rare Isotope Separator (ARIS) [28,29], reducing
the beam energy to 106 MeV=u. Subsequently, the beam
was guided to the Gas Stopping Area for further momen-
tum compression, thermalization and purification. A pure,
low-energy 30 keV beam of 22Al was extracted from the
Advanced Cryogenic Gas Stopper (ACGS) [30,31] and
implanted into a thin carbon foil surrounded by a compact
array of silicon detector telescopes. Just outside of the
vacuum chamber, containing the silicon detector tele-
scopes, were two high-purity germanium detectors from
the LIBRA setup [32], flanking the chamber.
The low beam energy and the use of thin (60–70 μm)ΔE

detectors allowed the dominant high-energy protons above
2–3 MeV to punch through the thin detectors, depositing
only a fraction of their energy, while fully stopping α
particles up to ∼9 MeV [33]. This suppression of the
proton background, crucial for isolating the rare α decay
channels, was made possible by the characteristics of the
low energy beams extracted from the ACGS. The implan-
tation rate at the setup is estimated to be around 5–10
particles per second based on the number of observed
β-delayed protons throughout the experiment, correcting
for the branching ratio 54.5(25) % [24] and the solid angle
coverage of roughly 7% per silicon detector telescope.
The upper panel of Fig. 2 displays the energy spectrum

of α particles stopped in the ΔE detectors. Two distinct
peaks associated with the decay of 22Al are visible above
the background. The background arises from long-lived
calibration sources implanted prior to the experiment. The
peak at 3.29 MeV (α1) corresponds to the previously
known transition to the 18Neð2þÞ state. The newly observed
peak at 4.83 MeV (α0) corresponds to the transition to the
18Neð0þÞ ground state.
The identification is supported by coincidence measure-

ments. The lower panel of Fig. 2 shows 18Ne-α coinci-
dences demonstrating the detection of low-energy signals
from the opposing silicon detectors, corresponding to 18Ne
nuclei recoiling with the expected kinetic energies of 1.07
and 0.73 MeV for the ground and excited state transitions,
respectively. We emphasize that the pure, low-energy beam
extracted from the ACGS enabled the measurement of the
low-energy 18Ne recoils. Furthermore, a gate on the
1.887 MeV γ-ray line (the 2þ → 0þ transition in 18Ne)
isolates the α1 branch, as shown in the inset of the upper
panel. The particle energies in Fig. 2 have been corrected
for energy losses specific to α particles in the detector dead
layers and for the pulse height defect (PHD) inherent to
silicon detectors calibrated with protons. The observed
broadening of the recoil energies is consistent with the

broader distribution of energy losses of the heavy ions in
the dead layers and with PHD uncertainties.
Figure 3 illustrates how the β-delayed α particles are

separated from the intense background of β-delayed pro-
tons in the decay of 22Al. The thin (60–70 μm) ΔE
detectors completely stop protons up to the punch through
threshold [34] for protons, ΔEp

max, of 2–3 MeV. Protons
with initial energies above this threshold deposit only a
fraction of the energy ΔEp

max in the ΔE detectors, while
depositing the remainder of their energies in the thicker,
backing E detectors. The relevant energies of the α particles
are higher than ΔEp

max, but not so high that the α particles
punch through the thin ΔE detectors. This enables their
observation in a proton-free energy region of the thin ΔE

FIG. 2. Top: Singles spectrum of α-particle kinetic energies Eα,
extracted from the ΔE detectors. The labels α0 and α1 denote
transitions from the IAS in 22Mg to the 0þ ground and 2þ first
excited states of 18Ne, respectively. The background spectrum
(scaled from 25 h to the 33 h 22Al measurement time) is
dominated by preimplanted calibration sources. The inset shows
coincidences with the 1.887 MeV γ transition in 18Ne. Bottom:
18Ne recoil energies, E18Ne, in coincidence with α particles in
opposing silicon detectors. The α particles are found above the
proton punch through thresholds in the ΔE detectors (as in the
singles spectrum), and any signal in opposing detectors is
considered a recoil.
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detectors. Note how the observed α particle energies would
be overwhelmed by the proton energy spectrum, shown in
the inset of Fig. 3, had they not been separated from the
dominant proton background by use of thin ΔE detectors.
The new observation of the α0 branch allows for a

definitive assignment of the 22Al ground state spin and
parity: The emission of an α particle to a 0þ state requires,
by conservation of angular momentum and parity, that the
parent state has natural parity and Jπ ¼ lπ . Since the IAS in
22Mg is populated via superallowed Fermi decay, it shares
the spin and parity of the 22Al ground state. A Jπ ¼ 3þ

assignment would require l ¼ 3 for decay to a 0þ
daughter, which implies negative parity, leading to a
violation of parity conservation. Therefore, the observation
of the α0 branch mandates that the IAS—and consequently
the ground state of 22Al—is 4þ.
The newly determined proton separation energy of 22Al,

Sp ¼ 100.3ð8Þ keV [11,12], is exceptionally low and com-
parable to the archetype proton halo nucleus 8B [35,36] with

Sp ¼ 136ð1Þ keV. This proximity to the drip line has fueled
speculation that 22Al might exhibit a proton halo. However,
halo formation is not determined solely by binding energy;
it requires a structural configuration that allows the valence
nucleon to tunnel through the confining potentials.
If the ground state of 22Al were 3þ, the valence proton

could occupy an s1=2 (l ¼ 0) orbital coupled to the
21Mgð5=2þÞ core ground state. Lacking a centrifugal
barrier, such a configuration would favor the formation
of an extended halo. In contrast, the 4þ assignment
mandates that a proton coupled to the 21Mg ground state
must occupy a d5=2 (l ¼ 2) orbital. An s-wave component
in the 4þ state is only possible via coupling to high-lying
excited states of the core (e.g., 7=2þ; 9=2þ), a configuration
that is energetically suppressed.
This qualitative picture is supported by recent micro-

scopic calculations, studying specifically the potential halo
nature of 22Al. Relativistic Hartree-Bogoliubov studies
treating 22Al as a deformed or triaxial system [6,10] indicate
that even under favorable conditions, the ground state wave
function is dominated (> 90%) by the d-wave component.
Consequently, these models predict no significant enhance-
ment of the root-mean-square radius relative to neighboring
isotopes. Furthermore, recent ab initio calculations [37]
suggest that sizable Thomas-Ehrman shifts are ubiquitous
in sd-shell mirror nuclei; these shifts can rationalize the low
separation energy and level ordering in the A ¼ 22 system
without necessitating the spatial delocalization character-
istic of a halo.
We therefore conclude that despite the vanishingly small

separation energy, the 4þ ground state of 22Al is likely a
standard nuclear system confined by high potential barriers.
The valence proton is confined by a d-wave centrifugal
barrier which, in concert with the Coulomb barrier, renders
the formation of a halo highly improbable despite the
vanishingly small proton separation energy. We note,
however, that a subtle enhancement of the surface density
or a “soft” tail in the wave function cannot be strictly
excluded by spectroscopy alone. The ultimate confirmation
of the compact nature of 22Al awaits a measurement of its
charge or matter radius.
The successful delivery of exotic nuclei at low energy

from the ACGS at FRIB represents a significant advance
for experimental studies near the drip lines. In this work,
the pure, low-energy beams from the ACGS enabled both a
sensitive particle identification technique that separated
rare low-energy α particles from the dominant proton
background and the detection of coincident low-energy
18Ne recoils. This capability was instrumental in the first
observation of the β-delayed α decay to the ground state
of 18Ne.
The lowest-lying known excited 1þ state in 22Al (Fig. 1)

is unbound and thus cannot form a halo [6]. Should an
excited 3þ state in 22Al lie below the proton separation

FIG. 3. Energy deposit in the ΔE detector vs energy deposit in
the E detector of one of the silicon detector telescopes. Suffi-
ciently energetic protons punch through the ΔE detector and are
stopped in the E detector, generating telescope proton events.
Events with energy deposition only in the ΔE detector without
any corresponding energy deposition in the E detector, generating
ΔE-contained proton events, are drawn with a width of 200 keV
along the E axis, centered at E ¼ 0. The observed β-delayed α
particles in the ΔE detector, α0 and α1 from Fig. 2, are indicated.
The indicatedΔEp

max is the maximum energy a proton can deposit
in theΔE detector. The inset of the figure shows the reconstructed
proton energies Ep from both theΔE-contained proton events and
the telescope proton events. The region in the inset where the
number ofΔE-contained proton events go to zero from below and
the number of telescope proton events go to zero from above is
instrumental: It is due to the inherent dead zone of the detector
telescope; see [34].
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energy Sp ¼ 100.3ð8Þ keV, it remains a candidate for
extended structure.
Finally, while our spectroscopic result provides the

angular momentum constraint deemed critical in [11],
the ultimate quantification of the proton wave function’s
spatial extent requires a direct observable, e.g., a charge
radius measurement. While interaction cross-section mea-
surements could provide complementary evidence, laser
spectroscopy of low-energy beams—now feasible in the
FRIB gas stopping area—appears to be the most direct path
to conclusively settle the question of the 22Al radius.
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