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We report the first mass measurement of the proton-halo candidate 22Al performed with the low energy
beam ion trap facility’s 9.4 T Penning trap mass spectrometer at facility for rare isotope beams.
This measurement completes the mass information for the lightest remaining proton-dripline nucleus
achievable with Penning traps. 22Al has been the subject of recent interest regarding a possible halo structure
from the observation of an exceptionally large isospin asymmetry [J. Lee et al., Large isospin asymmetry in
Si22/O22 Mirror Gamow-Teller transitions reveals the halo structure of 22Al, Phys. Rev. Lett. 125, 192503
(2020).]. The measured mass excess value of ME ¼ 18 092.5ð3Þ keV, corresponding to an exceptionally
small proton separation energy of Sp ¼ 100.4ð8Þ keV, is compatible with the suggested halo structure.
Our result agrees well with predictions from sd-shell USD Hamiltonians. While USD Hamiltonians predict
deformation in the 22Al ground state with minimal 1s1=2 occupation in the proton shell, a particle-plus-rotor
model in the continuum suggests that a proton halo could form at large quadrupole deformation. These results
emphasize the need for a charge radius measurement to conclusively determine the halo nature.
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Introduction.—Nuclei at, and near, the boundaries of
nuclear existence serve as excellent probes for evaluating
nuclear models given their exotic nature [1–3]. Halo nuclei
are one such example; seated at or near the nuclear
driplines, their mass distribution extends far beyond the
compact core, creating their so-called “halo” structure.
Efforts to identify, study, and model these nuclei have
provided critical evaluations of nuclear forces (see
Refs. [4–6] for reviews).
Studies of proton halo structures are often limited,

compared to neutron halos, as their formation is suppressed
by the confining effect of the Coulomb barrier. Additional
complications arise from low production cross sections for
nuclei approaching the proton dripline. Precision measure-
ments of these nuclei are of particular importance as the
proton drip line is sufficiently well known compared to that
for neutrons, offering a unique probe of nuclear forces.

22Al was first proposed as a proton-halo candidate
resulting from an exceptionally small proton separation
energy extrapolated from systematic trends in the mass
region [7] and from calculations of isospin-symmetry
breaking effects in the sd-shell region [8]. Recent excite-
ment pointing to a halo structure in the first 1þ state of 22Al

stems from an observed isospin asymmetry of
δβ ¼ 2.09ð96Þ in the Gamow-Teller βþ transition from
the first excited 1þ state of 22Si and with its mirror 22O β−

transition [9]. This is by far the largest asymmetry reported
for low-lying states. Results, however, contain significant
uncertainties propagating from its unmeasured mass. The
presence of an s-wave halo in 22Al should favor deforma-
tion by increasing the proton 1s1=2–0d5=2 quadrupole
coupling. In fact, relativistic mean-field calculations [10]
and data evaluation [11] support large quadrupole defor-
mation of about β2 > 0.2 in 22Al.
Because of the role of weak binding in the emergence of

halo structures, precise knowledge of the binding energy—
and consequentially mass—is paramount [3,12]. In quan-
tum mechanics, the halo can be seen as a leakage of the
valence nucleon wave function, which itself depends
exponentially on the nucleon separation energy. Precise
mass information is also required to extract nuclear charge
radii from isotope shift measurements [13]. Since the
current mass value of 22Al is based purely on extrapolation
of systematic trends of mass values of nearby isotopes [7],
there is a clear need for a first, precise mass measurement
of 22Al.
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Experimental method and analysis.—At the facility for
rare isotope beams (FRIB), the proton-rich 22Al isotope was
produced by projectile fragmentation: a 36Ar primary beam
was sent through the FRIB linear accelerator, ultimately
impinging upon a 12C target of about 8 mm thickness. The
cocktail beam was then sent to the advanced rare isotope
separator [14] for separation. Two aluminum degraders of
thicknesses 3287 and 1015 μm, followed by a 1003 μm
2.67 mrad aluminum wedge prepared the beam for stop-
ping in the advanced cryogenic gas stopper (ACGS) [15].
Following mass separation with a magnetic dipole, the
extracted 30 keVenergy beam showed highest beta activity
at A ¼ 22 and was sent to the low energy beam ion trap
(LEBIT) facility. There, the continuous beam was delivered
to the Cooler-Buncher [16], allowing ions to cool for
10 ms. Ion bunches were purified with a coarse time-of-
flight gate before injection into the 9.4 T Penning trap mass
spectrometer [17]. In the trap, nearby contaminants were
cleaned using the stored waveform inverse Fourier trans-
form (SWIFT) technique [18].
LEBIT uses Penning trap mass spectrometry to deter-

mine an ion’s mass relative to a well-known calibrant
through measurements of their cyclotron frequencies, νc:

R ¼
νc;calib
νc

¼ qcalibðm −meqÞ
qðmcalib −meqcalibÞ

; ð1Þ

where m and q are the ion atomic mass and charge state
respectively. Electron binding energies are negligible as
they are orders of magnitude smaller than the measurement
precision. The average observed ratio R̄ determines the
mass of interest.
Initial frequency measurements were performed with

the well-established time-of-flight ion cyclotron resonance
(TOF-ICR) technique in use at LEBIT [19–21]. The
achievable precision is determined in part by excitation
duration, which defines the frequency selectivity and
scales linearly with duration. Because of its half-life of
≈85 ms [22], excitation times of 50 and 75 ms were used
for 22Al. Stable 23Naþ was also delivered with the 22Alþ

beam and was used as the calibrant species, and a 500 ms
excitation was used. Figure 1(a) shows one TOF-ICR
resonance spectrum obtained for 22Alþ.
Additional measurements were performed with the

recently implemented phase imaging ion cyclotron reso-
nance (PI-ICR) technique [24] at LEBIT. A “two-phase”
approach is used, measuring the magnetron (ν−) and
reduced cyclotron (νþ) frequencies independently. After
evolving for a duration tacc, the final phase ϕfinal of the
ions relative to a reference location ϕref determines the
frequency:

ν% ¼
ðϕfinal;% − ϕrefÞ þ 2πn

2πtacc
: ð2Þ

n is the number of full revolutions undergone by the ions
during tacc, and is known sufficiently, so long as the
frequency uncertainty is less than 1=tacc. The ion’s cyclo-
tron frequency is found by νc ¼ νþ þ ν− as described
in [25]. Similar to the restrictions for TOF-ICR, tacc was set
to 50 ms for 22Alþ, and 150 ms for 23Naþ. Figure 1(b)
shows an example of a final phase spot for 22Alþ with
tacc ¼ 50 ms.
A number of systematic uncertainties in R̄ have been

shown to scale linearly with the difference in mass of the
calibrant ion and the ion of interest. This includes shifts due
to magnetic field inhomogeneities, deviations in the axial
alignment of the Penning trap with the magnetic field, and
distortions of the electrostatic trapping potential [26]. Mass
dependent shifts for TOF-ICR measurements are known
to add an uncertainty of δR̄ ≈ 2 × 10−10=u [27], which is
negligible compared to the statistical uncertainty of ≳10−8.
Additional contributions, such as those from isobaric
contaminants [28] and space charge effects [26], were
mitigated by in-trap beam purification with SWIFT and by
limiting the number of ions in the trap to less than five at a
time. Furthermore, studies of nonlinear temporal magnetic
field instabilities show a contribution to the uncertainty in
R̄ by no more than 1 × 10−9 [29] over the course of 1 h,
which is greater than the duration of any of the measure-
ments performed.

FIG. 1. (a) Observed 75 ms 22Alþ TOF-ICR resonance and
fit [23], containing approximately 350 detected ions. (b) Observed
50 ms PI-ICR beam spot resulting from reduced cyclotron
motion, containing approximately 50 detected ions. The spot
is fit to a 2D Gaussian in polar coordinates. The black arrow
shows the direction of motion.
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Additional systematic effects were accounted for in the
TOF-ICR measurements by performing offline measure-
ments of 23Naþ with 22Neþ as an isobaric stand-in for
22Alþ. Both these ions’masses are very well known. The
ions were produced using an offline plasma ion source
operated with high-purity neon gas at LEBIT. Experimental
conditions were matched as closely as possible to those
with 22Al, and the total trapping times remained unchanged.
All system settings were not modified following the
experiment. The systematic uncertainty was determined
to be δR̄TOF ¼ −1ð2Þ × 10−8.
With the increased sensitivity of PI-ICR, a number of

additional systematic effects are present. Extensive sys-
tematic investigations performed at other facilities [30–32]
show that these are dominated by many of the same as
listed above for TOF-ICR. PI-ICR specific effects are also
largely determined by the electrostatic trapping field
harmonicity, magnetic field alignment, and count rate
dependent frequency shifts [33]. These are mitigated by
using smaller total trapping times, maintaining the same
spot location on the MCP, and limiting the MCP count
rate to ≈2 ions per shot respectively. A magnetic field
misalignment will result in an elliptical projection of the
ion motion. This was accounted for by imaging this
projection and fitting the result to an ellipse. The acquired
fit is shown in Fig. 1(b). 23Na and 22Ne were also used
to calculate a systematic uncertainty for PI-ICR, maintain-
ing the accumulation times and angular locations respec-
tively. The systematic uncertainty was determined to be
δR̄PI ¼ 0ð2Þ × 10−8.
Results.—A total of four TOF-ICR and three PI-ICR

measurements were taken over the course of approximately
16 hours. The TOF-ICR measurements resulted in a
weighted average of R̄TOF ¼ 1.044 068 76ð6Þ, and for the
PI-ICR measurements R̄PI ¼ 1.044 068 841ð14Þ. A sum-
mary of these measurements is shown in Fig. 2. Aweighted
average of the combined TOF- and PI-ICR results yield
R̄ ¼ 1.044 068 837ð14Þ, corresponding to a mass excess

of 18092.5(3) keV and a proton separation energy of
100.4(8) keV.
Discussion.—Shell model with USDHamiltonians: The

low-lying structure for the nuclei around 22Al can be
described within the sd ð0d5=2; 0d3=2; 1s1=2Þ model space.
Several “universal” sd-shell (USD) Hamiltonians have
been developed over the last 40 yr [34–36]. They are all
obtained by starting with a set of two-body matrix elements
(TBME) obtained with nucleon-nucleon potentials renor-
malized to the sd model space. The singular-valued
decomposition (SVD) method is then used to constrain
linear-combinations of TBME to obtain lower uncertainties
for binding energies and excitation energies. The lastest
SVD-type fit from 2020 was based on Hamiltonians that
included the Coulomb and isospin-dependent strong inter-
actions treated explicitly [36], and provide absolute binding
energies for all sd shell nuclei relative to that of 16O.
This resulted in two Hamiltonians: USDC starting with
the Bonn-A [37] interaction, and USDI starting with the
VS-IMSRG method [38,39]. The rms deviation between
the experimental and calculated energies for both USDC
and USDI was 140 keV. The results for Spð22AlÞ are 40 keV
(USDC) and 30 keV (USDI) which are in reasonable
agreement with experiment. The calculated spectrum of
the mirror nucleus 22F is in excellent agreement with
experiment (see Fig. 3).
As discussed in Sec. V of [36], a special consideration

for proton-rich nuclei is the Thomas-Ehrman shift (TES).
For example, the 1=2þ excited state in 17F is shifted down
by 0.376 MeV compared to its energy in the mirror nucleus
17O. Single-particle states with low-l values that are
loosely bound (in this case l ¼ 0 for the 1s1=2 which is

FIG. 2. Measured frequency ratios of 22Alþ relative to 23Naþ.
Blue points and uncertainty region correspond to TOF-ICR
measurements, red points and uncertainty region correspond to
PI-ICR measurements. Dashed black lines indicate the combined
TOF-ICR and PI-ICR result. All uncertainties are shown to 1σ.
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FIG. 3. Experimental levels of 22F up to 5 MeV compared to the
results obtained from the USDC and USDI Hamiltonians. The
calculated levels of 22Al are also shown. The horizontal lines in
the figure are proportional to the J value for positive parity states.
For the experiment shown on the left-hand side, the levels with
unknown J are shown by black dots. Levels with uncertain J are
indicated by the red lines ending with a black dot.
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bound by only 0.105 MeV in 17F) are lowered in energy
relative to those with high-l values. The reason is that the
low-l states are extended in size, and the kinetic energy
of the extended wave functions decreases. As discussed
in [36], the TES depends on the separation energy of the
specific state and the related spectroscopic factors. It is a
many-body effect that cannot be corrected simply by a
modification of single-particle energies in the Hamiltonian.
In the 22Al mass region there are excited states that have a
significant l ¼ 0 spectroscopic factor with a TES as high
as −0.75 MeV (see Fig. 12 of [36]).
A key feature for all of the USD Hamiltonians is the

increase in the 1s1=2–0d5=2 single-particle energy gap from
0.9 at N ¼ 8 to 4.0 MeV at N ¼ 14 (see Fig. 4 in [40]).
This shift has been attributed to three-body interactions
between the valence neutrons and the core nucleons [41]
and it is contained in VS-IMSRG Hamiltonian for the
sd shell [42]. Taking into account the TES, the proton
1s1=2–0d5=2 gap changes from 0.5 MeV at Z ¼ 8 to about
3.5 MeV at Z ¼ 14. The calculated proton 1s1=2 occupa-
tions for the 4þ and 3þ states of 22Al are 0.29 and 0.38,
respectively.
The 3þ state in the mirror nucleus 22F is only 0.072 MeV

above the 4þ ground-state. The TES from the larger 1s1=2
occupation of the 3þ state could result in a 3þ ground state
for 22Al, as suggested by [43,44]. However, the calculated
βþ decay properties of 22Al are more consistent with a 4þ

ground-state assignment. It will be important to measure
the spin parity and the moments of the 22Al ground state to
better characterize the structure.
Particle-plus-rotor model: Based on the small proton

separation energy of about 0.1 MeV measured in 22Al, one
can also investigate the possible presence of a ground-state
halo structure using the particle-plus-rotor model (PRM)
including couplings to continuum states. The motivation
for using this model is to investigate the possible interplay
between weak binding, which enhances the occupation of
s-waves, and deformation via the s1=2–d5=2 quadrupole
coupling, which lowers the proton 1s1=2 shell. Here, one
wants to test how the presence of deformation affects the
formation of a halo structure.
We assume that only couplings between the angular

momentum jr associated with the rotational motion of 21Mg
and the angular momentum j of the weakly bound valence
proton play a role in the particle-plus-rotor dynamic
(j⃗r þ j⃗ ¼ j⃗PRM), while the angular momentum Ji coming
from the structure of 21Mg can be ignored for our purpose.
This approximation is justified by the fact that, except for
one well-bound neutron in 0d5=2, all nucleons in 21Mg are
expected to be paired and coupled to 0þ. It follows that in
this picture, the low-lying multiplets ð1; 2; 3; 4; 5Þþ and
ð2; 3Þþ of 22Al are associated with jπPRM ¼ 5=2þ and 1=2þ,
respectively, and the states within each multiplet are
degenerate.

In the PRM [45], the core-nucleon interaction is repre-
sented by a Woods-Saxon potential with quadrupole
deformation controlled by the deformation parameter β2,
and the wave function is expanded in terms of channel
wave functions defined by the quantum numbers ðn; l; j; jrÞ
where ðn; l; jÞ are the usual shell quantum numbers for the
valence particle. Each channel wave function is expanded
using the Berggren basis to account for continuum cou-
plings, and the coupled-channel equations obtained are
solved exactly by direct diagonalization.
The above shell model calculations using the USD

family of interactions, predict a fairly limited occupation
of the π1s1=2 shell in 22Al and are not indicative of any
significant deformation. Consequently, we first assume
spherical symmetry for 21Mg (β2 ¼ 0) and adjust the
potential to reproduce the experimental binding energy
of 22Al and use the energy spectra of 21Mg to fix the 1s1=2
shell at about 200 keV above the 0d5=2 shell, respectively,
which will be understood as Nilsson orbits for β2 ≠ 0.
These s.p. energies differ from those in magic nuclei
to account for the absence of residual interaction in
the PRM. We obtain a diffuseness d ¼ 0.67 fm, a radius
R0 ¼ 3.2 fm, a depth V0 ¼ 54.8 MeV, a spin-orbit cou-
pling Vso ¼ 3.62 MeV, and a WS Coulomb potential
radius Rc ¼ 3.0 fm.
The potential is then deformed by varying β2, and the

ground-state energy of 22Al together with the norms of
channel wave functions are calculated. Results are shown
in Fig. 4. Both prolate (β2 > 0) and oblate (β2 < 0)
deformations are shown to lower the energy, suggesting
that a weakly bound valence proton pushes the system to
deform.

FIG. 4. Energy of the 21Mgþ p system (top panel), and norms
of channel wave functions for jPRM ¼ 5=2þ (middle panel) and
1=2þ (lower panel) as a function of the quadrupole deformation
parameter β2.

PHYSICAL REVIEW LETTERS 132, 152501 (2024)

152501-4



For a small deformation (jβ2j < 0.1) qualitatively com-
patible with shell model calculations, the weight of the
channel wave function ðjr ¼ 2Þ1s1=2 remains relatively low
compared to other channels built on the 0d5=2 shell. In this
scenario, the presence of an s-wave halo would thus be
unlikely. However, for a significant prolate deformation
β2 > 0.1, the 1=2þ PRM state associated with the ð2; 3Þþ
multiplet in 22Al becomes the ground state. This state is
dominated by the s-wave channel and shown in Fig. 4
(lower panel) and would likely support a halo structure.
While such large quadrupole deformations are not sup-
ported by the shell model, relativistic mean-field calcu-
lations [10] and data evaluation [11], however, predict
deformations of β2 ¼ 0.284 and 0.226, respectively. Using
the latter estimate as a guess and readjusting the core-
proton potential to match the experimental binding energy
by lowering the potential depth does not affect the results
significantly.
Conclusions.—In summary, the first precision mass

measurement of 22Al is reported. The exceptionally small
proton separation energy observed at 100.4(8) keV agrees
with extrapolations by the 2020 atomic mass evaluation
as well as predictions made with the sd-shell USD
Hamiltonians. Such a small nucleon separation energy is
one such benchmark allowing for halo formation. The shell
model, reproducing the experimental result within uncer-
tainties, suggests a very small 1s1=2 orbital occupation.
In the PRM, this small 1s1=2 occupation translates in a
small deformation parameter and no halo structure.
Conversely, the observation of a halo state would indicate
strong continuum-induced deformation similar to the sus-
pected situation in 29F [46]. Both models are constrained by
a 4þ ground state assignment for 22Al, though it remains
unmeasured [22,47]. Ultimately, the charge radius and
nuclear spin, which can be determined from the hyperfine
structure measurements by laser spectroscopy, are needed
to conclusively determine the halo nature of the 22Al ground
state and to resolve the confusion surrounding its structure.

Note added.—Recently, an additional mass measurement of
22Al was reported [48]. This result was determined by the
Bρ-defined isochronous mass spectrometry method and
reported a mass excess uncertainty of 10 keV, a factor of
30 less precise then the value presented here. The two
results agree within 1σ, and does not change the presented
conclusions. With the high precision of our result, an
improved understanding of the halo nature of 22Al is
apparent, and a clearer case for the potential presence of
a proton halo is made.
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