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Neutron unbound states in 28 Ne and 25 F
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Unbound states in 28 Ne and 25 F were populated in the reaction of a 102 MeV/nucleon 29 Na beam on a beryllium
target. The measured decay energy of 32(22) keV in the 27 Ne + n system corresponds to an unbound excited
state in 28 Ne at 3.86(11) MeV. This is the first measured unbound state of 28 Ne. The decay energy of the 24 F + n
system was measured as 300(170) keV. This places the second measured unbound state of 25 F at 4.66(17) MeV.
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With the increased availability of rare isotope beams, the
neutron-rich landscape has become more accessible, especially
for the lighter isotopes. A particular research focus has been
to determine the bound or unbound nature of nuclei along the
drip line and measure their masses. The neutron drip line has
only been mapped up to Z = 8 and the study of unbound states
of these neutron-rich isotopes has revealed important nuclear
structure information [1]. The unbound structure of the most
neutron-rich isotopes with Z > 8 has not been studied until
recently, when Frank et al. and Christian et al. measured
unbound excited states in the bound neutron-rich fluorine
isotopes 25–27 F and also reported the first mass measurement of
the unbound fluorine nucleus, 28 F [2–4]. 27 Ne recently became
the heaviest bound neon isotope with a measured unbound
state [5]. This paper reports on the measurement of two new
neutron-unbound states of bound nuclei in that region: the
first measured unbound state in 28 Ne and the second measured
unbound state in 25 F.
The experiment was performed at the National Superconducting Cyclotron Laboratory at Michigan State University.
A secondary beam consisting of 6% 26 F and 94% 29 Na was
produced by the fragmentation of a 140 MeV/u 48 Ca primary
beam on a 987 mg/cm2 Be production target. Analysis of the
26
F beam has been previously reported in Refs. [6–9]. The
29
Na beam used for the present analysis was identified on
an event-by-event basis by time of flight and then reacted
on a 470 mg/cm2 Be reaction target in the experimental
area. Charged fragments from the reaction were deflected
by the Sweeper magnet [10] into a suite of charged-particle
detectors while the neutrons were detected by the Modular
Neutron Array (MoNA) [11,12]. The detector setup has been
previously described in Ref. [13]. Charged fragments from
the reaction were identified based on their time of flight,
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energy loss, emittance, and total kinetic energy as reported
in Ref. [13]. The measured decay energy spectra for 28 Ne and
25
F were reconstructed from the 27 Ne + n and 24 F + n systems,
respectively, using an inverse map for the charged particles and
the invariant mass method as described in Ref. [14].
Each decay energy spectrum was fitted with a lineshape
from a Monte Carlo simulation that included secondary beam
characteristics; target thickness; a Glauber reaction model; and
detector location, geometry, and resolution. Secondary beam
parameters were selected to reproduce the position and angle
of the incoming beam while reaction parameters were selected
to match the measured position and angular distributions
of the final fragments. Energy-dependent Breit-Wigner [15]
and s-wave lineshapes [16] were used to fit the resonant
decays, while any nonresonant background was fitted with a
Maxwellian distribution. Best fits to the data were determined
by χ 2 analysis, with the resonance energy (or scattering
lengths) and yields of each component as the only free
parameters.
The decay energy spectrum and best fit for 28 Ne →
27
Ne + n are shown in Fig. 1. One low-lying resonance is
immediately identifiable. This peak can be best fit with an l = 2
energy-dependent Breit-Wigner lineshape at 32(22) keV. 28 Ne
is populated by a simple one-proton removal, thus significant
nonresonant background is not expected. The presence of a
higher-lying broad distribution must then be due to several
unresolved resonances. Two lineshapes were included to fit
the higher-lying broad distribution, an l = 2 resonance near
1 MeV and an s-wave lineshape to fit the shoulder near
300 keV. The width of the l = 2 resonance near 1 MeV
was fixed at 200 keV, its approximate single-particle width
as calculated in a Woods-Saxon potential. The location of the
32 keV resonance was insensitive to variations of the fits of
these higher resonances. The best fit was achieved with the
32(22) keV resonance, an s-wave lineshape with a scattering
length of −2 fm, and a higher-lying resonance of 1.15 MeV.
With a neutron separation energy of 3.83(11) MeV [17] and
the assumption of decay to the ground state, the 32(22) keV
resonance is interpreted as an unbound state at an excitation
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FIG. 1. (Color online) 28 Ne decay energy spectrum and best fit to
data. The simulated lineshape includes a 32 keV resonance (dashed
blue line), a high-lying s-wave lineshape with −2 fm scattering length
(dotted purple line), and a high-lying resonance at 1.15 MeV with a
fixed width of 200 keV (dot-dashed green line). Inset is a level scheme
showing the measured bound states for 27 Ne and theoretical calculated
unbound states in 28 Ne.

FIG. 2. 28 Ne experimental and theoretical calculated levels. Only
the positive parity states from the SDPF-M calculation are shown. The
horizontal dashed line indicates the one-neutron separation energy
from Ref. [17]. The lowest two experimental levels are from Ref. [20].
The highest state, assigned to the 4+
2 state, is from Ref. [24]. The level
marked “c.w.”, which is the level presented in the current work, is
just above the neutron separation energy.

energy of 3.86(11) MeV, with the majority of the uncertainty
coming from the mass uncertainties of 28,27 Ne.
Shell model calculations in the sd model space were
performed for 28 Ne using OXBASH [18] and the USD-B
[19] interaction. Cross-shell neutron excitations have been
necessary to describe bound states in this region, due to the
proximity of 28 Ne to the island of inversion [20–24]. Thus,
Monte Carlo shell model calculations using the SDPF-M
interaction [25] have also been performed [26]. The SDPF-M
interaction uses a modified sd-pf space and accounts for the
mixing of 0h̄ω and 2h̄ω configurations up to 5 MeV. This
interaction was specifically chosen because wave functions
consisting of 49% intruder configurations are needed to
describe the ground state of the beam, 29 Na [27]. The results
of both calculations, as well as the experimentally known
states are shown in Fig. 2. The one-proton removal from
29
Na principally populates positive parity states (C 2 S > 0.01),
so the negative parity states calculated with the SDPF-M
interaction are not shown.
Calculated spectroscopic overlaps for the one-proton
knockout from 29 Na to 28 Ne are shown in Table I. In the
USD-B interaction, only two states in the region of interest
are expected to be heavily populated with C 2 S > 0.1: the 3+
1
+
state and the 2+
2 state. The 31 state is too high in energy to be
attributed to the observed state at 3.86(11) MeV. The 2+
2 state is
calculated as bound, but uncertainties in the measured neutron
separation energy (180 keV) and the calculation of shell model
energies (∼300 keV) allow for the possibility that the state is
slightly unbound. In the SDPF-M model, that same 2+
2 state is
expected to be populated, but its calculated energy is lowered
and it becomes more difficult to argue for its unbound nature.
The 4+
2 state, also lower in energy in the SDPF-M calculations,
is also expected to be populated. This state has been identified
as bound with the use of gamma-ray spectroscopy [24]. The

+
+
2+
3 and 24 states are expected to be less populated than the 42
state by an order of magnitude.
Calculations for the decay of 28 Ne are also shown in Table I.
To estimate the expected relative contributions of the l = 0 and
l = 2 decays, we calculated the neutron-decay widths for both
l = 0 and l = 2 neutron decays with an energy of 32 keV.
Our calculation of the s-wave neutron-decay width is based
on  = C 2 S sp , where C 2 S is the shell-model spectroscopic
factor and sp is the single-particle neutron-decay width.
The s-wave single particle neutron-decay width is given by
Eq. 3F-51 in Ref. [28]. For 28 Ne with R = 3 fm we obtain
sp = 1.2 MeV. For the d-wave decay we obtain a singleparticle width of 0.04 keV using a Woods-Saxon potential.
Spectroscopic overlaps with the 3/2+ ground state of 27 Ne
were calculated for every state in the table. A majority of
the resulting decay widths are negligible when compared
with experimental resolution, which is approximately 75 keV
FWHM at 32 keV decay energy. As a consequence, our
sensitivity to the orbital angular momentum of the decay is
negligible as well.
In the SDPF-M interaction calculation, the 4+ state shows a
strong overlap (C 2 S = 0.176 for decay of an f7/2 neutron) with
a predicted 7/2− state in 27 Ne at 25 keV. The parity change
would require the emission of an l = 1, 3 neutron. Similar
to the single-particle widths for an l = 2 neutron decay, the
widths for an l = 1, 3 decay at 32 keV would also render
the setup insensitive to angular momentum. This 7/2− state
has, however, recently been identified as unbound [5], so we
remove it from consideration.
The experiment did not include γ -ray detection, so we
cannot rule out that the low-energy decay was not to a
bound excited state in 27 Ne. Two bound states have also been
experimentally measured at 765 keV (3/2− ) and 885 keV
(1/2+ ) [5,21], as shown in the inset of Fig. 1. Both the 3+
1 state
in the USD-B calculation and the 2+
state
in
the
SDPF-M
4
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Calculated for the decay to the 1/2+ excited state at 885 keV.
sp calculated for an energy of 917 keV.

calculations could decay to these excited states. Nonzero
spectroscopic factors and single-particle decay widths for these
possible decays are shown in Table I. Based on this analysis,
we cannot conclusively assign a spin to the measured unbound
state, but we expect the state to be either 2+ , 3+ , or 4+ .
The multistep population of 25 F is more complicated.
Population possibilities include a 2p,2p1n, or 2p2n knockout
and subsequent neutron decays to the detected daughter
fragment, 24 F. In this case, the decay energy spectrum could
entirely be due to a Maxwellian nonresonant background
from evaporated neutrons from the continuum. The measured
spectrum, however, is not fit well by only a nonresonant
background; a resonance feature is required for a reasonable
fit of the data. The best fit includes an l = 1 resonance at
300(170) keV as shown in the top panel of Fig. 3. With a
neutron separation energy of 4.36(12) MeV [29], this unbound
state corresponds to an excited state at 4.66(17) MeV in 25 F,
once again assuming decay to the ground state.
Shell model calculations were performed for 25 F using
OXBASH [18] and the WBP [32] interaction in the sp-sd-pf
space with the truncations used in Ref. [2]. These calculated
levels and the measured experimental levels are shown in
Figure 4. In contrast to the simple one-proton removal
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FIG. 3. (Color online) 25 F decay energy spectrum and best fits
to data. Top panel simulation includes a 300 keV Breit-Wigner
resonance (dashed blue line) and a nonresonant background (dotted
purple line). Bottom panel shows a fit that includes the measured
resonance from Ref. [2] (filled grey curve) populated at 15% the
strength of the population of the resonance.

to populate 28 Ne, this complex reaction is not selective.
Comparison to shell model calculations indicates that this state
could correspond to the 1/2− , 3/2− or the 5/2+ states near the
neutron separation energy.
We fit the measured spectrum with an energy-dependent
Breit-Wigner lineshape for l = 1. An expected width was
calculated in the same manner as the 28 Ne widths and then
fixed at 22 keV for l = 1. We also modeled the decay with
l = 2, 3 lineshapes (fixed widths of 2 keV and 0.2 keV) and
similar to 28 Ne, the data are insensitive to the orbital angular
momentum.
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TABLE I. Shell model calculations for states in the 28 Ne →
Ne + n system. Columns include spectroscopic overlaps with the
ground state of 29 Na, spectroscopic overlaps for neutron decay to
27
Ne, and single-particle and total widths for those decays. All
overlaps with 27 Ne are overlaps with the 3/2+ ground state, with the
footnoted exception. The values in the upper half are calculated with
the USD-B interaction, while those in the bottom half are calculated
with the SDPF-M interaction. Single-particle widths for the l = 2
neutron decay was calculated for an energy of 32 keV, again with the
footnoted exception.
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FIG. 4. 25 F experimental and calculated levels. The measured
bound states are from Refs. [30,31] and the lowest measured unbound
state is from Ref. [2] (adjusted relative to the neutron separation
energy). The measured state from the current work is denoted with
“c.w.” The horizontal dashed line indicates the one-neutron separation
energy from Ref. [29].
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Previously, Frank et al. [2] had observed a low-lying
neutron-unbound state at 28(4) keV excitation energy. They
argued that the one-proton knockout used to populate 25 F in
that experiment would selectively populate negative parity
states and assigned the low-lying state to the 1/2− state
just above the neutron separation energy. In our spectrum,
that state is not immediately visible above the nonresonant
background. As a test, the resonance was included in the
simulation. Its inclusion did not change the position of the
300 keV resonance. Fits including a population of up to 27%
of this resonance are possible within our confidence interval
and an example of such a fit is shown in the lower panel of
Fig. 3. Frank et al. also included unresolvable states at higher
energies. Their best fit included a resonance component at
an energy of 350 keV excitation energy, similar to the one
reported here. Thus we expect that the state measured here
corresponds to either the calculated 3/2− state or the 5/2+
state.
In summary, we report on evidence for two new unbound
states, one at 32(22) keV decay energy in the 28 Ne →27 Ne + n
system and one at 300(170) keV decay energy in the 25 F

→24 F + n system. While neither state can be firmly assigned
a spin at this time, comparisons to shell model calculations
suggest that the state in 28 Ne corresponds to a 2+ , 3+ , or 4+
state while the state in 25 F could correspond to either a 3/2−
or 5/2+ state.
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