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Observation and spectroscopy of the proton-unbound nucleus 2'Al
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We report on the observation of the previously unknown isotope 2'Al, the first unbound aluminum isotope
located beyond the proton dripline. The 2! Al nucleus decays by one-proton (1p) emission, and its in-flight decays
were detected by tracking trajectories of the decay products with silicon microstrip detectors. The 1p-emission
processes were studied by analyzing the measured angular correlations of decay products 2*Mg +p. The 1p-
decay energies of the ground and low-lying excited states of ' Al its mass excess, and the proton separation
energy value S, = —1.157045 MeV were determined.
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Motivation. Nuclear structure and decays beyond the pro-
ton drip line have been addressed in a number of experimental
and theoretical studies of light isotopes; see a recent review
in Ref. [1] and references therein. In particular, experimental
and theoretical advances of one-proton emission have been
reviewed in Ref. [2]. Based on the theoretical predictions of
the separation energies and half-lives for proton unbound nu-
clei, one may anticipate a number of unknown unbound nuclei
located within a relatively broad (by 2—5 atomic mass units)
area along the proton drip line [3-5]. Beyond such a domain,
i.e., toward the limits of nuclear structure, the most remote
nuclear systems are expected to have only continuum spectra
without resonances. Hence, they can no longer be identified as
isotopes. Therefore, a new borderline indicating the limits of
the existence of nuclei in the nuclear chart and the transition
to chaotic-nucleon matter may be discussed [3,6].

In this work, we continue to study nuclei beyond the proton
drip line using data from two experiments (S271 and S388) at
the SIS facility at GSI, Germany. The present study focuses
on the previously unobserved isotope 2!'Al and reports the
analysis results from both experiments.

Experiment. The experiment S271 (hereafter the first ex-
periment) was described in detail in Refs. [7,8]. Here, a brief
description of this experiment and the detector performance
are provided. During this experiment, the Mg secondary
beam was produced in fragmentation of a 591 AMeV **Mg
primary beam. The fragment separator (FRS) was operated
in a separator-spectrometer mode, where the first half of the
FRS was tuned for separation and focusing of a 450 AMeV
radioactive beam of 2°Mg on a 2 g/cm? °Be secondary target
in the middle focal plane (F2) of the FRS, and the second half
of the FRS was set for the detection of heavy-ion (HI) decay
products, e.g., '"Ne. The secondary 2’Mg beam had a strong
admixture of other ions with mass-to-charge ratios similar to
20Mg. In particular, 2'Mg and *?Al ions were transported with
considerable intensities. 2! Al nuclei could then be produced
via one-neutron removal, charge exchange and one-proton
pickup of the 2?Al, 2!Mg, and **Mg projectiles, respectively.
The decay products of unbound ?'Al nuclei were tracked
using an array of double-sided silicon microstrip detectors
(DSSD) located just downstream of the secondary target. The
array consisted of four large-area DSSDs [9], which were
employed to measure the hit coordinates of the protons and
the HI decay products resulting from the in-flight decays of
the studied two-proton (2p) precursors. The high-precision
position measurements with DSSDs served for the reconstruc-
tion of all fragment trajectories, which allowed for deriving
the angular HI-p and HI-p-p correlations. In the present study
of 2'Al, the data obtained from the experiment S388 (here-
after the second experiment) using similar setup, were also
analyzed. During this experiment, the 2>'Mg and >Al ions
were produced in fragmentation of a primary 685 AMeV *6Ar
beam. In particular, the 460 AMeV *’Mg beam bombarded a
5 g/cm? thick Be secondary target located at the F2 of the
FRS. A detailed description of the second experiment can be
found in Refs. [10,11].

The primary difference between the second and the first ex-
periment is that the latter had an additional position-sensitive
DSSD detector, which was placed in front of the secondary
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FIG. 1. Energy loss of secondary-beam ions in the DSSD located
in front of the secondary °Be target as a function of their hit co-
ordinate X (which is the transverse coordinate relative to the beam
direction) during the first experiment [7,8]. Ion intensities are shown
according to the scale on the right-hand side. Locations of ions of
interest 22Al, 2>2!Mg are marked. The gate for the selection of 2Al
projectiles is shown by a black-line rectangle.

target. It measured the energy losses and hit coordinates of
all secondary-beam projectiles. A two-dimensional plot of
these observables is presented in Fig. 1. One may see that
energy losses of Al and Mg projectiles can be discriminated,
in particular events corresponding to 2>Al can be selected.

Data. In the first experiment, the heavy-ion decay products
of secondary reactions were identified utilizing their magnetic
rigidity, time of flight, and energy loss. The corresponding
identification plot can be found in Fig. 3 of Ref. [7]. For
example, the 2' Al spectrum was obtained based on the an-
gular correlations of decay products 2°Mg +p by using their
measured trajectories. With the purpose of an unambiguous
interpretation, the coincidence **Mg +p events were gated
by choosing the Al projectiles as shown in Fig. 1, thereby
suggesting a population of 2'Al states induced by neutron
knockout reactions. In extracting the 2' Al spectroscopic in-
formation, we applied the same data analysis procedure and
calibrations as in the 1p-decay studies of g 18Na, and
230¢1[7,8,11].

In Fig. 2, we present the angular correlations between
2 Al decay products, namely *’Mg and proton measured in
the first experiment. The events in Fig. 2 were obtained by
selecting only the ??Al projectiles at F2 (as illustrated in
Fig. 2 of Ref. [7] and Fig. 1). The respective 1p-decay en-
ergies E(**Mg-p) are given by the upper axis. One can see
that the low-energy part cannot be described by a two-body
phase volume simulating a direct reaction with an exit channel
20Mg +p without any resonance in 2! Al. The two-body phase
volume is proportional to a decay energy factor multiplied by
the efficiency of detecting events 2°Mg +p. It is normalized
to the measured correlations at small and large 6 values (<40
and >120 mrad, respectively) where no strongly populated
isolated 2! Al resonances are expected. Due to such normal-
ization, the two-body phase-volume component is considered
as an upper-limit estimate of the possible contribution of the
nonresonant branch into the measured correlations. One can
see two peaks exceeding the estimated background, which are
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FIG. 2. Angular §(**Mg-p) correlations derived from the mea-
sured Mg +p coincidences obtained in the first experiment
(histogram). The 22Al projectiles before the secondary target were
selected. The respective 1p-decay energies E(*°Mg -p) are given by
the upper axis. The peaks (1) and (2) were reproduced by applying
Monte-Carlo simulations of 1p decays of two 2!Al states into the
Mg g.s. (shown by the dashed and dotted curves) with the evalu-
ated 1p-decay energies of 1.157510 and 3.15%0'13 MeV, respectively.
The dash-dotted curve is the upper-limit estimate of a nonresonance
background by using phase-volume simulations.

labeled as (1) and (2) in Fig. 2. They indicate the population
and 1p decays of two low-energy states in >' Al.

To determine the decay energies Q;,, corresponding to the
peaks exhibited in Fig. 2, we performed Monte Carlo simula-
tions of the detector response to the 1p decays of >! Al states by
using the GEANT software [12], which was described in detail
in Refs. [7,8]. The simulations were computed independently
for peaks (1) and (2). For each peak, a number of simulations
of angular (*°Mg - p) correlations with varied 1p-decay ener-
gies were performed. The intrinsic width of every 2'Al state
was assumed to be very small, i.e., 1 keV. Then every simu-
lated spectrum was compared with the data around the peaks
(1) or (2) by using the standard Kolmogorov test, which com-
putes the probability that the simulated #(>*Mg -p) spectrum
matches the respective experimental pattern [13]. According
to the Kolmogorov test, two compared histograms are statisti-
cal variations of the same distribution if the Kolmogorov-test
probability value is larger than 0.5. The Q;, values were de-
rived from the distributions of the calculated probabilities with
the corresponding uncertainty. Consequently, the Q;, values
were determined to be 1.15701% and 3.157)-13 MeV, which
corresponds to descriptions of the peaks (1) and (2) in Fig. 2
with probabilities of 0.94 and 0.80, respectively.

In order to verify the states observed in the first experiment,
we analyzed the data obtained during one setting of the second
experiment, in which reactions with a *°Mg secondary beam
producing the known '’Mg were employed for reference pur-
poses [10]. In this measurement, the first half of the FRS was
optimized to transport the 2°Mg beam, and the second half of
the FRS was tuned to transmit the '”Ne ions. Figure 3 shows
the particle identification plot for the ions that reached the last
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FIG. 3. Two-dimensional identification plot of Z vs A/Q for the
heavy ions detected at the FRS during the second experiment with the
Mg - ""Ne setting. Projectiles of interest 2'Mg and *>Al were also
produced and transported as byproducts with reasonable intensities.
Ion intensities are shown according to the logarithmic scale on the
right-hand side.

focal plane of the FRS (F4), where the ions’ proton number Z
versus their mass-to-charge ratio A/Q (Q = Z in our case of
light ions and high energy) are shown. One may see that 2’Mg
ions were also transported down to F4 because their A/Q ratio
is similar to that of ’Ne. Other ions of interest, such as 21Mg
and ??Al, were also produced and transported through the FRS
with the signal-to-background ratio larger than 100.

The Fig. 4 displays the (**Mg -p) spectra obtained from
the Mg +p coincidences measured in the second experi-
ment. Two peaks are also present, which suggests the similar
1p decays of low-energy states in 2 Al. Since there was no
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FIG. 4. Angular #(**Mg -p) correlations derived from the mea-
sured Mg +p coincidences obtained in the second experiment
(histogram). The contributions of all secondary-beam ions illustrated
in Fig. 3 are included. The dashed and dotted curves representing
the Monte Carlo simulations of 1p decays of two 2! Al states into the
Mg g.s. are displayed for illustration purposes. The nonresonance
background (dash-dotted curve) is estimated by using two-body
phase-volume simulations.
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selection of incoming ions before the secondary target, the
21 Al isotope may be produced in reactions of one-neutron
knockout, charge exchange, and one-proton pickup of the
22Al1, 2'Mg, and 2°Mg projectiles, respectively. In comparison
with the data shown in Fig. 2, the distribution exhibits a
similar shape characterized by two peaks centered around 60
and 90 mrad, accompanied by a broad distribution at smaller
6(**Mg -p) values. The peaks repeat the corresponding struc-
tures in Fig. 2 though the angular resolution is worse. For
illustration purposes, the simulations similar to those in Fig. 2
are added, though the corresponding 1p-decay energies can-
not be derived accurately because of the ambiguous momenta
of projectiles at F2 in this case.

The comparison of the results of Monte Carlo simulations
of two experiments demonstrates a reasonable agreement be-
tween the simulated 90-mrad peaks in Fig. 4 and in Fig. 2 with
the derived Q;, value of 3. 151”8:5 MeV. Both peaks have full
width at half maximum (FWHM) values of ~1.0 MeV. There
is also a qualitative agreement, with an insignificant deviation
in the positions of the 50-mrad peaks. The data of the first
experiment have smaller statistics, but their interpretation is
straightforward because of the dominating secondary reaction
22Al — 2'Al +n. Therefore, we assign the *'Al g.s. to the
50-mrad peak in Fig. 2 with the derived 1p-decay energy of
1.157989 MeV. The FWHM value of the peak (1) in Fig. 2
is ~0.5 MeV. The corresponding estimate of the >'Al g.s.
width derived by simulations of these peaks provides only the
upper-limit value I'y . < 400 keV, which is mainly due to the
experimental resolution.

The obtained distributions of vertices of the measured
Mg +p trajectories allow for deriving the half-life val-
ues (and therefore widths) of 2' Al states. We estimated the
half-lives of the observed %' Al levels by measuring the dis-
tributions of their decay vertices in the same way as in the
previous study of 2p decay of *°Ar [14]. All vertex distri-
butions are located within the reaction target, and therefore
we found no indication of long-lived states in 2! Al, which
results in the assignment of an upper limit of the half-life of
10 ps. According to the energy-time uncertainty relation, the
corresponding lower-limit estimate of state widths in 2' Al is
~5 x 1078 keV.

Discussion. The assigned levels and decay scheme of 2! Al
derived from the observed angular correlations are shown
in Fig. 5. The g.s. of 2'Al is unbound with the 1p-decay

energy of 1.154_'8:(1)2 MeV. The mass of >' Al can be derived

by using the masses of 2°Mg and proton together with the Q; »
value, which then can be compared with available theoretical
predictions. The AME2020 atomic mass evaluation [15] pre-
dicts that mass excess (M.E.) of the 2! Al g.s. is 27.1(6) MeV,
which exceeds the measured M.E. value of 25.95(10) MeV by
1.15 MeV. Such a difference with the AME2020 predictions
calls for an update of the the mass extrapolation method used
in the AME2020 evaluation. The 1p-unbound nuclei may
be described by the empirical S, systematics of 1p-emitting
ds;> states in light nuclei. The systematics is based on a
parametrization of a mirror energy difference (MED) [16] by
using the available experimental data on neutron-rich nuclei.
The MED definition is MED = §,, — §,, (here S, and S, are
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FIG. 5. Proposed decay scheme of two low-energy states ob-
served in 2! Al with assigned Ip-decay channels to the known 2°Mg
ground state, whose energies are given relative to the 1p threshold.
The dashed line at 1.5 MeV shows the tentative position of the first
excited state indicated in the data in Fig. 2.

1n and 1p separation energies in mirror states of neutron-
and proton-rich nuclei, respectively), and its parametrization
is MED = (Z/A'?*)MED’, where the MED’ value does not
depend on the proton number Z and mass number A [16].
This parametrization predicts S, = —1.315 MeV for 2L Al (by
using the S, value of its mirror partner 21Og.s_(5/2+) and
the corresponding MED value [16]), which is in reasonable
agreement with the measured S, value of —1.15%09 MeV.
The mass of the 2! Al g.s. was also predicted by the system-
atics proposed for the mass differences of mirror nuclei (the
improved Kelson-Garvey mass relations [17]). The estimated
value §, = —1.265(13) MeV roughly agrees with the data
within the reported uncertainties.

There are several theoretical predictions of the low-energy
states and their widths dedicated to >'Al, e.g. Refs. [18-22].
Let us consider the predictions calculated by using both
the microscopic cluster model and potential model [18].
The mirror symmetry between the widths of low-lying res-
onance states and the asymptotic normalization coefficients
of their mirror analogs was employed. The potential model
used the same potential well parameters obtained from de-
scriptions of the respective mirror states in 2!Q, which are
known experimentally. The predicted 1p-decay energies and
widths (Ej,, I') of the lowest 2L A states with ds), s172, and
d3» 1p-configurations are (1.21 MeV, 0.7 keV), (1.55 MeV,
248 keV), and (2.63 MeV, $0.08 keV), respectively [18]. The
calculated ds/,-state energy is close to the measured value of
the 2' Al g.s., but the corresponding width is too small to be
obtained with our setup, which is able to measure the pre-
dicted width of the first-excited sy, state in a future dedicated
experiment. One should note that states in 2' Al with core
2OMg"(21) excitations (predicted by the microscopic cluster
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model in Ref. [18]) were not identified in the present work as
their identification requires the additional detection of y rays
from the fragments 2°Mg".

For illustration purposes, the low-lying states in 2! Al with
ds;2, 5172, and ds > 1p-configurations were also calculated by
using a nuclear-potential model applied in Ref. [3] in a manner
similar to Ref. [18]. The potential parameters were first fixed
by reproducing the known lowest states in the mirror 2!Q
nucleus, in particular the energy of the s1,, 1/2" state located
1220 keV above the 5/2% g.s. In Fig. 6(a), the calculated
root-mean-squared radii s of these bound states are shown.
One may see a large spatial difference between the s and
d l1n-configurations. Then the same configuration states in
the mirror unbound nucleus 2' Al should be displaced differ-
ently by Coulomb repulsion which illustrates the effect of the
Thomas-Ehrman shift [23,24]. The latter is often observed in
1 p-unbound nuclei with s and d configurations as a reduced
energy between the respective 1p states. The calculated level
energies in 2! Al as functions of nuclear radius are presented
in Fig. 6(b), where the trend of decreasing level energies as
the radius increases demonstrates the effect of the decreased
Coulomb repulsion. The energies of states with 5/2% and
3/2% configurations match the measured energies of 1.15 and
3.15 MeV derived from the peaks in Fig. 2, respectively.
According to the level-energy predictions shown in Fig. 6(b),
the energy of the 1/2% state with sy, 1p-configuration is
expected only ~0.4 MeV above the 5/2F g.s. of 2! Al, which is
~820 keV less than the energy difference in the bound mirror
210 nucleus.

The excitation energy of the first excited state (1/2%) in
21 Al was also calculated within the many-body perturbation
theory [19] and the Gamow shell-model [20], which is in
agreement with the value provided by the applied potential
model. Such a relatively small energy difference between the
ground state and the first excited state indicates that the low-
energy peak (within the range of 45-65 mrad) in Fig. 4 may
consist of the 5/2% and 1/2% states which were unresolved
due to the limited energy resolution. In Fig. 2, there is an
indication of a possible population of the first excited state
at ~1.5 MeV, for which the unexplained part of the angular
6(*°Mg - p) distribution points at ~65 mrad.

It is also worth noting that the spectrum of 2'Q, which is
the mirror nucleus of 2! Al, exhibits several low-energy levels
with excitation energy below the one-neutron threshold of
3.8 MeV. Considering the mirror symmetry, more low-energy
states in 2' Al may be found. For example, an indication of
possible excitations in 2' Al can be spotted in Fig. 2 in the
region of 5-6 MeV (i.e., within the range of 110-120 mrad).
Though the mentioned regions do not have sufficient statistics
for a quantitative investigation, future experiments with higher
statistics and better resolution will resolve these questions.

Conclusion. The first spectroscopy of the previously un-
known isotope 21 A1, which decays via 1p emission, revealed
two low-energy states, which are tentatively assigned as
(5/2%) ground state and (3/2") excited state. The first-excited
1/2% state, which is predicted at an energy of 0.3-0.4 MeV
above the g.s., was not identified yet, though its population
is not excluded in the experimental angular-correlation pat-
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FIG. 6. (a) The potential model [3] calculations of root-mean-
square radii r,,,, of the s;,> and ds/, 1n-configurations in the bound
210 nucleus (the dashed and solid curves, respectively) as functions
of nuclear radius ry. The large spatial difference of the s and d
configurations results in a large Thomas-Ehrman shift between the
respective configurations in the mirror unbound nucleus 2! Al. (b) En-
ergies E, of the lowest states in unbound 2! Al with s, 2, ds)p, and d3
1 p-configurations (the dashed, solid, and dotted curves, respectively)
as functions of ry. The E, values were calculated relative to the
20Mg +p threshold by applying the same model. The vertical dotted
line in both panels show the radius obtained from the systematic
estimate ry = 1.2 x A'/3.

tern in Fig. 2. The mass excess of the 2'Al g.s. was derived
from the measured Q;, value to be +25.95(10) MeV, which
is a challenging test for the predictions by nuclear mass
models.

The observation of unbound ' Al g.s. leads to the follow-
ing statements about its neighboring nuclei in the nuclear
chart: (1) Together with the very recent mass measurement
of 22A1 which provides its 1p-separation energy of about
100 keV [25,26], one may conclude that the proton drip line
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is established in the Al isotopic chain. (2) The loosely bound
isotope 2?Si (recent mass measurement for this nucleus proves
that it is bound [27]) is a two-proton Borromean nucleus
whose three-body configuration 2°Mg +p + p has no bound
sub-system 2’Mg +p — ' Al
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