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The nucleus *Ne is situated at the border of the island of inversion. Despite significant efforts, no bound
low-lying intruder f7,, state, which would place ®Ne firmly inside the island of inversion, has yet been observed.
Here, the first investigation of unbound states of 2’Ne is reported. The states were populated in **Ne(p, pn) and
3Na(p, 2p) reactions at a beam energy of around 230 MeV /nucleon, and analyzed in terms of their resonance
properties, partial cross sections, and momentum distributions. The momentum distributions are compared to
calculations using the eikonal, direct reaction model, allowing ¢ assignments for the observed states. The lowest-
lying resonance at an excitation energy of 1.48(4) MeV shows clear signs of a significant £ = 3 component,
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giving first evidence for f;,, single particle strength in ’Ne. The excitation energies and strengths of the observed
states are compared to shell-model calculations using the SDPF-U-MIX interaction.

DOI: 10.1103/PhysRevC.105.034301

I. INTRODUCTION

Understanding the evolution of shell structure when mov-
ing away from stability and towards the driplines is a key
challenge for modern nuclear physics. In neutron-rich nuclei,
the mismatch between neutron and proton numbers leads to
a quenching of shell gaps and the onset of deformation. In
particular, in neutron-rich Ne, Na, and Mg nuclei, the collapse
of the N =20 and N = 28 shell gaps can be observed. The
ground states of several isotopes of these nuclei are found
to be dominated by intruder configurations from the 1f7/,
and 2p3/, orbitals. In terms of the nuclear shell model, this
can be explained by the influence of the tensor force of the
nucleon-nucleon interaction. The resulting reduced attraction
between the proton 7ds,, and neutron vds,, orbitals leads to
the latter rising in energy, closing the shell gaps at and above
N =20[1].

This so-called island of inversion has received a lot of ex-
perimental attention and considerable efforts have been made
to map the exact boundaries of this region. Initially believed
to be restricted to 20 < N < 22 [2,3], the transition to the
island of inversion has since been shown to happen gradually
in a large number of experiments, see, e.g., Refs. [4-7]. In the
case of the neon isotopic chain, an intruder state was observed
in 2’Ne at low excitation energy [4,5,8]. That this state was
also observed in 1n knockout from *®Ne indicates that P32
intruder configurations also contribute to the ground state of
ZNe [5]. Isotopes with larger N were firmly placed inside
the island of inversion. For the even-N isotopes **3*Ne, low-
lying first 2% states and a large enhancement of collectivity
were observed [9—11]. In addition, 1n-removal reactions from
29:31Ne revealed large p3 /2 contributions to the ground state
configurations of these isotopes [12—-15]. The isotope 2’Ne
is therefore lying at the border of the island of inversion.
However, the gradual increase of the influence of intruder
states along the isotopic chain warrants more detailed studies
into the evolution of single-particle orbitals.

While information on the excitation energies of the lowest
lying p3/ states exists for neutron-rich Ne isotopes across the
island of inversion, this is not the case for the f7/, states. Low-
lying f7,, states provide another clear sign of the collapse of
the N = 20 shell gap. However, while such states have been
observed for some isotopes, e.g., ’Ne [8], they have not yet
been observed systematically. The location of the f7/, state
relative to the p3/, state is also important in evaluating the
N =28 gap and may provide a clue for understanding its
collapse in neutron-rich Mg and Si isotopes.

In the case of *Ne, no evidence for bound f; /2 strength
was found in a recent study of one-neutron removal from **Ne
[13], leading to the assumption that this strength leads to states
above the neutron decay threshold.

In the present work, we report a first investigation of
unbound states of 2?Ne. These states were populated using

two different single-nucleon removal reactions, 30Ne(p, pn)
and **Na(p, 2p), studied in kinematically complete measure-
ments, and analyzed in terms of their resonance properties,
partial cross sections, and momentum distributions. The com-
bination of these results gives a detailed insight into the
structure of 2’Ne. While **Ne(p, pn) allows investigation of
the influence of pf-intruder states at the border of the island
of inversion, **Na(p, 2p) gives complimentary information on
states populated through removal of a deeply bound proton.
The experimental data also provide a test of state-of-the-art
shell model calculations.

II. EXPERIMENT

The experiment was carried out at the Radioactive Isotope
Beam Factory (RIBF) operated by the RIKEN Nishina Cen-
ter and the Center for Nuclear Study (CNS), University of
Tokyo. Radioactive beams of **Ne and **Na were produced by
fragmentation of a 345 MeV /nucleon “*Ca beam impinging
on a 2.8 g/cm® beryllium target with a typical intensity of
500 pnA. They were then selected and transported to the
SAMURALI setup using the BigRIPS fragment separator [16].
To purify the beams, achromatic aluminum wedge degraders
were inserted at the focal planes F1 and F5 of BigRIPS,
with thicknesses of 15 mm and 7 mm, respectively. The data
presented here were taken concurrently with a study of 2%F,
presented in Ref. [17]. Therefore, two different settings of the
separator were used, one centered on *’Ne and one on *F.
The **Ne beam had a midtarget energy of 240 MeV /nucleon
and an intensity of 250 particles per second. For the *°Na
beam, the energy and intensity were 229 MeV /nucleon and
120 particles per second.

A schematic overview of the SAMURALI setup is shown in
Fig. 1. The incoming ions were identified by their charge and
time of flight using a set of two 0.5 mm thin plastic scintil-
lators (SBT) while two multiwire drift chambers (BDC1 and

NeuLAND

sBT BDC2 DAL FDCI
Neutrons
Inm|_|_|7a_| .............................
Beam BDC1
\Fragments

NEBULA

Hodoscope
FDC2

FIG. 1. Schematic overview of the SAMURAI setup. The setup
is able to detect and identify the incoming beam particles, outgoing
fragments, and scattered protons from (p, 2p) and (p, pn) reactions,
as well as y rays and neutrons emitted in-flight by de-exciting frag-
ments. See text for details.
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BDC2) were used to track their path towards the MINOS lig-
uid hydrogen target [18]. The target cell of MINOS is 151 mm
long and its entrance window has a diameter of 38 mm. The
target cell was cooled to 15 K and the pressure inside the cell
was 143 mbar, leading to a target thickness of 1.1 g/cm?.
The cell is surrounded by a time-projection chamber used
for measuring the outgoing protons from (p, 2p) and (p, pn)
reactions. Combining the information of the tracks of the
incoming beam with those of the outgoing protons allows to
reconstruct the reaction vertex with a precision of ¢ = 3 mm.
The time-projection chamber itself was surrounded by the
y-ray detector array DALI2 [19] consisting of 142 Nal(TI)
crystals. DALI2 was used to detect y rays emitted by de-
exciting fragments in flight. For E,, = 1 MeV, the photopeak
efficiency of DALI2 was €, ~ 15% and the resolution after
Doppler correction was o ~ 50 keV. The charged reaction
fragments were deflected by the magnetic field of the SAMU-
RAI superconducting dipole magnet [20] with 2.9 T in the
center. The dipole gap of SAMURALI was kept under vacuum
using a chamber with thin exit windows [21]. Their positions
before and after the magnet were measured using multi-wire
drift chambers (FDC1 and FDC2). Together with their charge
and time of flight, measured by a hodoscope consisting of 24
plastic scintillator bars at the end of the beamline, this allowed
to fully reconstruct the four-vectors of the fragments.

Neutrons emitted in-flight were detected using the com-
bination of the NeuLAND [22] demonstrator and NEBULA
[23,24]. The NeuLAND demonstrator consisted of 400 plastic
scintillator bars arranged in four double planes, with each
double plane consisting of a horizontal and a vertical plane.
The 120 scintillator paddles of NEBULA are split into two
walls, with each wall consisting of two vertical layers. The
two large area detector arrays were placed at distances of 11 m
and 14 m from the target, respectively.

III. ANALYSIS

The **Ne(p, pn) and **Na(p, 2p) reactions were analyzed
in the same manner. The incoming isotopes were identified
using their charge Z and mass-to-charge ratio (A/Q) as ex-
tracted from the Bp, time-of-flight and AE measurements by
BigRIPS standard detectors and the SBT at the entrance of
the setup. The upper panel of Fig. 2 shows A/Q and Z plotted
against each other for the case of **Ne. The incoming beam
was selected by fitting a two-dimensional Gaussian distribu-
tion to this plot and selecting particles within a 30 interval.
The same technique was applied to the reaction fragments,
using the charge measured by the hodoscope while the A/Z
was determined from their Bp, time of flight and flight path
through the magnetic field of SAMURALI The identification
plot for the outgoing fragments is shown in the lower panel of
Fig. 2 with incoming *°Ne and one particle track in MINOS
selected. Again particles within a 3¢ interval were chosen. To
identify events from (p, 2p) and (p, pn) reactions, at least one
reconstructed track in the MINOS TPC was required.

While this is not a fully exclusive measurement of
quasifree scattering, the recoil protons are partially detected
in **Na(p, 2p) and the recoil neutron is not detected in
39Ne(p, pn), it is reasonable to assume that the quasifree

FIG. 2. Particle identification for **Ne(p, pn). Upper panel: In-
coming particle identification using the charge Z and mass-to-charge
ratio (A/Q) measured by BigRIPS and the SBT. Lower panel:
Outgoing particle identification using the charge measured by the
hodoscope and the A/Z extracted from the time-of-flight and flight
path through the magnetic field of SAMURALI. Events with incoming
39Ne and one reconstructed track in MINOS have been selected. The
2Ne fragments created by neutron emission from excited ?Ne are
marked in the figure.

scattering mechanism dominates. To demonstrate this, the
opening angle between the two protons, 6,,,, and their ¢-angle
correlations are shown in Fig. 3 for events where two protons
were detected in MINOS following **Na(p, 2p). The opening
angle 6,,, shows a clear peak slightly below 80°, characteristic
of quasifree scattering of a deeply bound proton. The two
bands visible in the plot of the ¢ angles demonstrate the
dominance of coplanar reaction kinematics, also characteristic
of quasifree scattering. The ratio between events with one and
two protons detected is in line with what is expected from the
efficiency of MINOS [18] and indicates that the majority of

E T T
: :
S 1000+ & .
]
)
[]
500 PR
{‘ .
o °
()M L I o ¢ ]
40 60 80 200 300
8,, [deg] ¢, [deg]

FIG. 3. Left: Opening angle 6,, between the two protons de-
tected by the MINOS TPC following **Na(p, 2p). A peak is observed
slightly below 80°, characteristic for quasi-free scattering of a
deeply-bound proton. Right: The azimuthal angles ¢, , of the two
protons plotted against each other. The two bands demonstrate the
coplanar reaction kinematics.
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events with just one reconstructed proton track also originate
from quasifree scattering. It can be assumed that the same
holds true in the case of **Ne(p, pn) where less-bound neu-
trons are removed.

The four-momenta of neutrons emitted from the *’Ne re-
action fragments were determined using their hit positions
in NeuLAND or NEBULA and the time of flight between
these detectors and the reconstructed reaction vertex in the
target. The four-momenta of both neutron (E,, p,) and ZNe
fragment (E, py) were used to reconstruct the invariant mass
Miy, of the unbound ?’Ne system:

Min = \J(Ef + E.Y — |/ + Bl (1)

From the invariant mass, the relative energy E can be ex-
tracted as

Erel = Miyy — myg — my, (2)

where the neutron and 2®Ne masses are represented by n1, and
my, respectively.

The efficiency and resolution of the E| reconstruction was
determined with Monte Carlo simulations. Using the exper-
imental distributions for beam energy and target position as
input, decay events of 2’Ne were generated with varying rela-
tive energies in the range of 0—10 MeV. The detector response
to these events was then obtained using GEANT4 simulations
including the entire experimental geometry and interactions
of a neutron in NeuLAND and NEBULA. The combined
acceptance and efficiency obtained this way is shown in the
inset of the middle panel of Fig. 4. The energy resolution full
width at half-maximum (FWHM) for E,. was found to vary
according to

FWHM(E,e1) = (0.16 x E%/* 4 0.06) MeV. (3)

The GEANT4 simulations were also used to obtain the detector
response of DALI2 to y-ray transitions of different energies.
To calculate the reaction cross sections, the number of
incoming particles was approximated by the number of unre-
acted *°Ne or **Na nuclei detected by the fragment arm of the
SAMURATI setup, thus making corrections for the efficiencies
of the fragment detectors and losses after the target unneces-
sary. Losses due to (secondary) reactions in the target were
taken into account for both unreacted and reacted beam by
GEANT4 simulations using the INCL/ABLA model [25].

IV. RESULTS

A. Relative energy spectra

The relative energy spectrum of the unbound *’Ne system
following **Ne(p, pn) is shown in Fig. 4. The top panel shows
the total E\ spectrum, whereas in the middle and bottom pan-
els the spectrum is presented with gates on the photopeaks of
the y-ray transitions with £, = 1.3MeV and E,, = 1.6 MeV,
respectively (see Sec. IV B for details).

To determine the properties of the observed peaks, the
spectrum was fitted using a combination of energy-dependent
Breit-Wigner line shapes of the form

do o r
dErel (Ere] - (Er + AZ(Ere])))z + Iﬁ2/4'

“

do/dE ., [mb/MeV]

do/dE,, [mb/MeV]

do/dE,, [mb/MeV]

o basa,

4 5 6

Erel [MCV]
FIG. 4. Relative energy spectra of 2Ne4n following

30Ne(p, pn). The total fit (red line) consists of a combination
of six Breit-Wigner resonances (blue dashed lines) and a
nonresonant background (green dotted line). Upper panel:
Total E, spectrum. The inset shows a zoom on the energy
region 2.5 MeV < E, < 5MeV. Middle panel: E. spectrum
gated on the E, =1.3MeV transition. The inset shows the
reconstruction efficiency €... Lower panel: E, spectrum gated on
the E, = 1.6 MeV transition.

with the resonance energy E,, the width of the resonance

VPZ(Erel)’ (5)
PK(Er)
and the shift
E.)— S,(E
A(:FrSE( r) — Se(Ere) ©)

2P(E)

with the intrinsic width I',, the penetrability P,, and the shift
function S, [26]. To include the experimental resolution, the
resonance shapes were folded with a Gaussian with varying
width according to Eq. (3). In addition, a nonresonant back-
ground obtained from event mixing was included in the fit
[27,28]. As can be seen in Fig. 4, this background is found
to be almost negligible in the case of **Ne(p, pn). Six res-
onances were identified and their positions and widths were
determined. The £ assignments necessary to calculate P, were
made using the analysis of the longitudinal and transverse mo-
mentum distributions, see Sec. IV C. Comparing the spectra
with and without y-ray coincidences, the large peak around
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FIG. 5. Relative energy spectra of *Ne+4n following

Na(p, 2p). The total fit (red line) consists of a combination
of three Breit-Wigner resonances (blue dashed lines) and a
nonresonant background (green dotted line).

E. = 0.5MeV is shown to consist of three resonances at
0.32(2) MeV, 0.51(4) MeV, and 0.74(7) MeV with intrinsic
widths ', of 0.05(1) MeV(¢ = 2), 0.17(8) MeV (£ = 2), and
0.11(5) MeV (£ = 2), respectively. Three more resonances are
observed at 1.35(2) MeV [I", = 0.30(4) MeV, ¢ = 1], 2.01(1)
MeV [I', = 0.33(12) MeV, € = 2], and 3.31(8) MeV [T, =
0.7(3)MeV, £ =2].

The Ey; spectrum following **Na(p, 2p) is shown in Fig. 5.
The spectrum can be described with a nonresonant back-
ground and three resonances with £ =2 at 0.48(4) MeV,
1.95(18) MeV, and 2.72(12) MeV. The intrinsic widths I",
are found to be 0.05(3) MeV, 0.8(4) MeV, and 0.6(4) MeV,
respectively.

For both reactions, the energy region E\; < 0.15MeV was
excluded from the fit. This was done because at these low E,,
the detector response becomes asymmetric and can no longer
be described as a Gaussian. Resonances at these energies can
therefore also no longer be described as a Breit-Wigner folded
with a Gaussian. Neither the analysis from coincident y rays,
nor the momentum distributions of the fragments give any
indication of additional resonances at these low E. Varying
the threshold E. from which to include events changes the
cross sections of the two resonances with the lowest E. by
~2%. This effect is included in the stated uncertainty of these
values.

B. Gamma-ray energy spectra

The y-ray energy E, spectrum measured with DALI2
in coincidence with a %Ne fragment and a neutron from
3Ne(p, pn) is shown in Fig. 6. To determine the relative
strength of the transitions, the spectrum was fitted using a
combination of simulated line shapes and an exponential
background. In total eight transitions were included in the
fit. A detailed analysis of the energies of these transitions in
2Ne will be presented in a separate publication [29]. In Fig. 7
only the transitions important to the analysis presented here
are shown.

The upper panel of Fig. 6 shows the above-mentioned
fit for the total E, spectrum. Two transitions with E, =
1323 keV and E, = 1601 keV are found to dominate. The

6000

Counts

4000

2000

Ratio

PNV AN SIS

E,. [MeV]

FIG. 6. Upper panel: Total E, spectrum measured with DALI2.
The spectrum is fitted by a combination of an exponential
background and simulated line shapes for eight transitions. The
contributions from the three transitions with E,, = 1.3 MeV (blue),
E, = 1.6MeV (green), and E,, = 2.9 MeV (yellow) are highlighted.
The inset shows a section of the spectrum in logarithmic scale. Lower
panel: Ratio of the efficiency-corrected integral of each simulated
line shape and the total number of ¥Ne 41 events for 50 keV-wide
E.. bins for the three transitions highlighted above. The line width
corresponds to the uncertainty.

1323 keV transition is the transition from the ®Ne first 2+
state to the ground state, its energy slightly varying from
the value adopted in Ref. [30]. The second, newly observed
transition at 1601 keV has been placed above this state and is
mainly feeding into the first excited state [29]. The decay into
the ground state is not negligible, however, as demonstrated
by the occurrence of the 2924 keV line shape in Fig. 6.

In order to determine which resonances are measured in
coincidence with these y-ray transitions, the fit outlined above

29N e 2 SN e
from **Ne(p,pn)
9

from **Na(p,2p)

S0, =479

2.924
3.69

1.601

292 2.924

. 1323
\ 1323
80971 = o e e e e e e \

0.0

FIG. 7. Partial level scheme of Ne and *Ne. Note that lack
of statistics prevented a detailed analysis of y rays in coincidence
with the unbound states observed in **Na(p, 2p), see text, so only
transitions from states observed in *°Ne(p, pn) are shown. The bound
states of ’Ne are omitted. For 2Ne, only transitions relevant to the
analysis presented here are indicated [29].
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FIG. 8. Longitudinal (left) and transverse (right) momentum dis-
tributions of the unreacted *°Ne beam. These distributions were used
to obtain the detector response for the momentum analysis.

was repeated for E, spectra gated on 50 keV-wide E( bins.
The integral of each simulated line shape was taken and
compared to the total number of events in each E. bin.
The resulting ratio is shown in the lower panel of Fig. 6 for
the three transitions mentioned above. The fraction of events
in coincidence with the 1323 keV transition drops around
E.1 = 0.5MeV and E,,] = 1.3 MeV, indicating that these two
resonances decay directly to the ground state of **Ne. Only
the resonance E,,; = 0.3 MeV is observed in coincidence with
the lines at 1601 keV and 2924 keV. Based on this, the level
scheme from Ref. [13] has been extended with states above
the neutron threshold, as presented in Fig. 13.

Due to low y-ray statistics and the broad overlapping na-
ture of the resonances observed in **Na(p, 2p) no detailed
analysis of the y-ray coincidences was done in this case.
Comparing the E\ spectra with and without a coincident y
ray of 1.3 MeV offers no sign of a particular resonance being
more prominent when in coincidence with a y ray. Therefore,
the resonances are tentatively assigned the excitation energies
E* of 1.45(4) MeV, 2.92(18) MeV, and 3.69(12) MeV.

Both in **Ne(p, pn) and *Na(p, 2p) resonances with
E* ~ 1.5MeV and E* ~ 3MeV are observed. In case of the
resonances at 3 MeV, their different widths (A", ~ 20) make
it unlikely that they are the same resonance. The resonance at
1.5 MeV is discussed in more detail in the next section.

C. Momentum distributions

The longitudinal (p,) and transverse (p,) momentum dis-
tributions of the 2®Ne fragments were reconstructed from their
measured Bp as well as the angle calculated from the position
measurement in FDC1 and the reaction vertex. The detector
response is obtained by measuring the momentum distribu-
tions for the unreacted *°Ne beam. These distributions are
shown in Fig. 8. The obtained resolution is o = 28 MeV/c
for p, and 0 = 35MeV/c for p;,.

For the reacted beam, the momentum distributions were
obtained by fitting the E. spectrum for each p, or p, bin
and obtaining the integral for each resonance. This allows
to separate the momentum distributions of the overlapping
resonances and to eliminate the influence of the nonresonant
background. We note that the momentum distribution is often
analyzed for the system of fragment 41 (in this case *’Ne)
instead of the fragment (**Ne) [17]. However, we find that

1.5 MeV p --1=1
0.08- & + 1008
0.06 + LN 40.06
0.04 +  p ’ J0.04
0.02 + W 002
3 # 5
E 0.06 + {~ 40.06 E
2 004 + J0.04 £
& 0.02- 4 Lo Joo2 §
B t y ! 5
= {34 *‘ %e =
3.7 MeV
0.04f H 1 N J0.04
0.02} 1 » J0.02

200 0 200
p, [MeV/c]

2200 0 200
p. [MeV/c]

FIG. 9. Longitudinal (left) and transverse (right) momentum
distributions of 2Ne from **Na(p, 2p) without required y-ray co-
incidence. Top row: E* = 1.5MeV. Middle row: E* = 2.9 MeV.
Bottom row: E* = 3.7MeV. All distributions have been fitted by
predicted shapes obtained with the eikonal model using ¢ =1
(dashed blue line) and ¢ = 2 (red line) folded with the experimental
detector response.

the difference is small and can be well described using the
ZNe momentum and incorporating the (compared to the ex-
perimental resolution) small additional broadening due to the
decay energy of the neutron.

The reconstructed longitudinal (p,) and transverse (py)
momentum distributions of the *®Ne fragments from
39Na(p, 2p) are shown in Fig. 9. The distributions are com-
pared to predicted shapes from eikonal model calculations.
The direct-reaction model used here for the proton target,
analogous to that used extensively for reactions performed
on light target nuclei [31], was used previously for the
PNe(p, 2p) and *F(p, pn) reactions in Ref. [17]. Details of
the model calculations are outlined in Ref. [32] and further
formal details as well as the likely parameter sensitivities are
presented in Ref. [33]. The calculated curves have been folded
with the experimental detector response and the additional
broadening due to the decay of the >’Ne unbound states [34]
while their height was fitted to the experimental data.

For all three cases, the distributions are compared to the
shapes of the momentum distributions calculated with £ = 1
and ¢ = 2. The resonance at E* = 1.5MeV is very well de-
scribed by ¢ = 2 for both p, and p,, as expected for the direct
population of positive parity states in sd-shell proton removal.
For the other two resonances, it is difficult to assign an £-value
unambiguously. This is due to limited statistics for these cases
and due to the fact that, since they are well-bound cases,
both calculated distributions are relatively broad. However, as
the gap between the valence ds/, and filled p;/, orbitals is
expected to be large, these resonances are more likely to result
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FIG. 10. Longitudinal (left) and transverse (right) momentum
distributions of 2Ne from **Ne(p, pn) gated on the E, = 1323 keV
transition. Top row: E* = 3.0MeV. Middle row: E* = 4.2MeV.
Bottom row: E* = 4.3 MeV. All distributions have been fitted with
predicted shapes obtained with the eikonal model using £ =1
(dashed blue line), £ = 2 (red solid line), and ¢ = 3 (dotted green
line) and folded with the experimental detector response.

from ¢ = 2 proton removal than from fragments of p-shell
strength at these excitation energies.

The momentum distributions of the **Ne fragments from
3Ne(p, pn) are shown in Figs. 10 and 11. For the three
resonances at E* = 3.0MeV, 4.2 MeV, and 4.3 MeV, the
momentum distributions in coincidence with the observed 1.3
MeV y-ray transition are shown in Fig. 10. Due to statistics
and the overlapping nature of the resonances, the angular
momentum cannot be assigned completely unambiguously for
the resonance at E* = 3.0 MeV. However, the best agreement
with the data is found for ¢ = 2. The resonance at E* =
4.2MeV is very well described by calculations with £ = 2.
For the resonance at E* = 4.3MeV, a clear assignment is
again difficult, as both £ = 1 and £ = 2 describe the data well.

The momentum distributions of the remaining three ob-
served resonances are shown in Fig. 11. In these cases, the
distributions were not gated on coincident y-ray transitions.
In the case of the resonances at E* = 1.5MeV and 2.3 MeV,
this was done because, as discussed in the previous section,
these resonances are not in coincidence with any y ray. For
the resonance at 5.6 MeV, the y-ray gated distributions have
too low statistics. The distributions of the 5.6 MeV state can
be described very well by calculations with £ = 2. The narrow
distribution for E* = 2.3 MeV is best described by calcula-
tions with £ = 1. Calculations with ¢ = 0 are also shown for
comparison, but found to be slightly too narrow, especially
for p,.

In the case of the 1.5 MeV state, none of the individual £
calculations describes both the longitudinal and the transverse
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FIG. 11. Longitudinal (left) and transverse (right) momentum
distributions of 2Ne from **Ne(p, pn) without requiring y-ray co-
incidence compared to predicted shapes from the eikonal model
folded with the experimental detector response. Top row: E* =
1.5MeV, compared to calculations with £ = 1 (blue dashed line),
¢ =2 (red solid line), and £ = 3 (green dotted line). Middle row:
E* =2.3MeV, compared to calculations £ = O (purple dash-dotted
line) and ¢ =1 (blue dashed line). Bottom row: E* = 5.6 MeV,
compared to calculations for £ = 2.

distribution. In particular, the calculated curves with £ = 2 are
found to be too narrow, despite the fact that a positive-parity
resonance at about the same excitation energy, which can be
described by £ = 2, was found in **Na(p, 2p).

The distributions were therefore fitted by linear combina-
tions of £ = 1 and ¢ = 3 (Fit A, cyan dashed line), as well as
¢ =2 and ¢ = 3 (Fit B, purple dash-dotted line) under the as-
sumption that the data reflect the presence of two overlapping
resonances. These fits are shown in Fig. 12. The longitudinal
and transverse momentum distributions were fitted simultane-
ously, with the same ratio between the different £-components
for both fits. The relative contribution of the £ = 3 component
was found to be 71% for Fit A and 54% for Fit B. While Fit A
describes the longitudinal momentum distribution better, Fit
B gives the better description of the transverse momentum.
Overall the best agreement is found with Fit A (x2/N = 5.4
compared to x2/N = 6.6 for Fit B). A fit of a pure £ =2
calculation is also shown for comparison (green dotted line).
The resulting curve is too narrow to describe the data for both
p. and p, (x2/N =24.0). As £ =0 or £ = 1 would lead to
even narrower distributions, this is a clear indication that the
data cannot be explained without a strong £ = 3 contribution.

V. COMPARISON WITH SHELL MODEL CALCULATIONS

The level scheme of 2°Ne obtained from **Ne(p, pn) is
compared to shell model calculations for the 1n-removal from
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FIG. 12. Longitudinal (left) and transverse (right) momentum
distributions of the lowest-lying observed resonance. The distribu-
tions are fitted by linear combinations of £ =1 and ¢ = 3 (Fit A,
cyan dashed line), as well as £ =2 and ¢ = 3 (Fit B, purple dash-
dotted line) under the assumption that the data reflect the presence
of two overlapping resonances. The pure £ = 2 distribution is shown
for comparison (red line).

the ground state of *’Ne using the SDPF-U-MIX interaction
[42] in Fig. 13. The spectroscopic factors C2S are also indi-
cated. The experimental spectroscopic factors are determined
as C2S = Oexp/0sp using eikonal single-particle cross sec-
tions oy, based on the ¢ assignments from the momentum
distribution analysis [33]. The theoretical levels and spectro-
scopic factors have been calculated using the code ANTOINE
[43]. Only levels with C2S > 0.05 are shown.

Theoretically, the 2% ground state of *°Na and the
0+ ground state of **Ne are dominated by 2p-2h and
2p-2h/4p-4h neutron configurations, respectively [44], with
the expectation of significant occupancy of the 1f;/, orbital
—1.7 in the case of the SDPF-U-MIX shell-model calculation
for *Ne. It is the location of such 7/2~ removal strength in
the 2Ne spectrum that is of interest here.

The observed states of >’Ne and their spectroscopic factors
C?S are also listed in Table 1. For the resonance at E* =
1.48 MeV, the spectroscopic factors for both fits are given.
For states with assignment £ = 2, the spectroscopic factors
are calculated using oy, for both d3/,, and ds/, as the data do
not allow to differentiate between these two cases. The error
shown for C2S is based on experimental uncertainties only.

In the present data, a single £ = 3 state is found at the
excitation energy of E* = 1.48 MeV. Available effective in-
teractions predict the lowest-lying 7/2~ state to be bound,
at 610 keV, in the case of SDPF-U-MIX. However, despite a
large predicted cross section for this state, it was missing in
the observed y-ray spectrum following **Ne(p, pn) to bound
states [13]. The state at E* = 1.48 MeV is therefore assigned
to be the first state dominated by an f7,, hole. The large
observed spectroscopic strength for this state is also compa-
rable to the predictions by the shell model calculations for the
lowest-lying 7/2~ state, supporting this assignment.

The difference between predicted and measured excitation
energy is noteworthy, given that SDPF-U-MIX was found to
provide otherwise rather good agreement with experimental
data to bound *’Ne final states in Ref. [13]. It is interesting
if this discrepancy is inherent to the continuum nature of
the state. If so, further theoretical work including the contin-
uum effects such as Gamow shell model would be useful to

=
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T88 =
41
0.15 =2
34
0.05 re12’
0.16 r=s/’
0.53 t=1 0.43 resp’
2T 045 J'=3/2"
0.51 r=1/2t
0.23 £=
050 = - 0.08 =17z
) e SRS
>0 =127 s 010 =3
0.66 reyr s e
T, 0,05 J=5/2°
0.30 =30
036 el 0.67 r=12’
0.25 Py 0.87 r=3nt
......... m— —
Experiment SDPF-U-MIX

FIG. 13. Partial level scheme of ?Ne. The scheme from Ref. [13]
has been extended to states above the neutron threshold observed in
this work. The assigned angular momentum and extracted spectro-
scopic factor is indicated for each state. For clarity only unbound
states observed in **Ne(p, pn) are included in the figure. The energy
levels from shell model calculations with C2S > 0.05 for 1n-removal
from the ground state of *’Ne using the SDPF-U-MIX interaction are
shown for comparison. The one-neutron and two-neutron separation
energies are indicated by the dashed lines.

understand the properties of the intruder states in the island-
of-inversion nuclei.

No negative-parity state of sufficient strength is predicted
in the vicinity of the £ = 1 resonance at 2.3 MeV. The cal-
culations shown do not extend to the excitation energy of
~4.2 MeV where strong £ = 2 resonances are observed. How-
ever, they predict strong positive parity states already at about
E* =2MeV.

To put this result in perspective in terms of the border of
the island of inversion, the left panel of Fig. 14 shows the
excitation energies of the lowest-lying 3/2~ and 7/2~ states
for neutron-rich odd Mg and Ne isotopes as a function of
the neutron number. The newly measured excitation energy in
2Ne breaks with the trend observed for the 3/2 states as well
as for the 7/27 states in Mg, where the excitation energies
are lowered significantly for N = 19 compared to N = 17.

034301-8



BORDER OF THE ISLAND OF INVERSION: UNBOUND ...

PHYSICAL REVIEW C 105, 034301 (2022)

TABLE 1. Observed states of *Ne from **Ne(p, pn) and *Na(p, 2p). The spectroscopic factors C2S = oy,/0y, are calculated using
eikonal single-particle cross sections o, and the £ assignments from the momentum distribution analysis. For the resonance at E* = 1.48 MeV,
the spectroscopic factors are given for both fits. For states with assignment £ = 2, the CS is calculated using oy, for both d3/, and ds,. The

error shown for C2S is based on experimental uncertainties only.

E* [MeV] T, [MeV] o [mb] ¢; a,, [mb] c?s

ONe(p, pn) ®Ne* 1.48(4) 0.17(8) 143 12.9(5)
3.7(2) P32 15.29 0.23(1)
9.2(4) fin 11.12 0.83(4)

1.48(4) 0.17(8) 243 12.9(5)
5.9(3) ds)y 12.11 0.49(2)
7.0(3) fin 11.12 0.63(3)

2.32(2) 0.30(4) 1 7.8(4)
P32 14.64 0.53(3)

3.03(7) 0.11(5) 2 1.5(6)
ds) 10.30 0.15(6)
ds) 11.30 0.13(5)

4.22(2) 0.05(1) 2 18.5(5)
ds) 9.85 1.88(4)
ds) 10.80 1.71(4)

4.30(1) 0.33(12) (1,2) 4.3(8)
2y 13.50 0.32(5)
ds) 9.85 0.45(8)
ds) 10.80 0.40(7)

5.60(8) 0.7(3) 2 1.5(4)
ds) 9.42 0.16(4)
ds) 10.32 0.15(4)
¥Na(p, 2p) ®Ne* 1.45(4) 0.05(3) 2 0.9(2) ds;» 4.53 0.20(3)
2.92(18) 0.8(4) 2 0.6(2) ds) 4.42 0.13(4)
3.69(12) 0.6(3) 2 0.2(1) ds) 436 0.06(3)

“Possible coincident y rays were not analyzed.

In the right panel of Fig. 14, the excitation energies of the
lowest-lying 3/2~ and 7/2~ states are shown for the N = 19
isotones. In both cases, a significant decrease is seen when
going from Z = 14 to Z = 12. However, while the energy for
the 3/27 state decreases even further when going to N = 10,

6 25

= --Mg32- | 2 | -m3n-

25 ‘\\ —o-Mg72- | 2 | -7 .

')Leq d e \\' —- Ne 3/2- ?i] O this work /,’
-9 -@-Ne 7/2- 15l © 7

O this work

FIG. 14. Left: Excitation energy for the lowest-lying 3/2~ and
7/2~ states in neutron-rich odd Mg and Ne isotopes. The values for
the Mg isotopes have been taken from Refs. [7,35-38], the values for
Ne from Refs. [6,8,13,15,35,39]. Right: Excitation energies for the
lowest-lying 3/2~ and 7/2~ states in N = 19 isotones. Values taken
from Refs. [13,37,40,41].

our newly obtained value for 7/27 states shows E* increasing
again.

VI. CONCLUSION

In summary, unbound states of 2Ne have been mea-
sured and analyzed for the first time using the nucleon
removal reactions **Ne(p, pn) ’Ne* and **Na(p, 2p) *Ne*.
The combined information from resonance energies, partial
cross sections, and momentum distributions allowed us to
identify and characterize a total of nine unbound states in
%Ne. The momentum distributions of the lowest-lying res-
onance at E* = 1.48 MeV cannot be explained without an
£ = 3 component, providing first evidence of the location of
the low-lying f7/» single-particle strength in *Ne. This is also
supported by the large observed spectroscopic strength for this
state which is also predicted for the f7/, state by shell model
calculations using the SDPF-U-MIX interaction. However, the
absolute energy of the 7/27 state is found to be higher by
0.9 MeV compared to the model prediction. While the 3/2~
ground state of 2’Ne places this nucleus into the island of
inversion at N = 20, the findings of this work confirm that
the lowest-lying f7,, intruder state is unbound. The splitting
of the fp-shell intruder states increases in contrast to lighter
neon isotopes.

034301-9



M. HOLL et al.

PHYSICAL REVIEW C 105, 034301 (2022)

The properties of the resonances observed in **Na(p, 2p)
are consistent with removal from the ds,, orbital, as expected
for the removal of a deeply bound proton from **Na.
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