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Detailed γ -ray spectroscopy of the exotic neon isotope 28Ne has been performed for the first time using 
the one-neutron removal reaction from 29Ne on a liquid hydrogen target at 240 MeV/nucleon. Based on 
an analysis of parallel momentum distributions, a level scheme with spin-parity assignments has been 
constructed for 28Ne and the negative-parity states are identified for the first time. The measured partial 
cross sections and momentum distributions reveal a significant intruder p-wave strength providing 
evidence of the breakdown of the N = 20 and N = 28 shell gaps. Only a weak, possible f -wave 
strength was observed to bound final states. Large-scale shell-model calculations with different effective 
interactions do not reproduce the large p-wave and small f -wave strength observed experimentally, 
indicating an ongoing challenge for a complete theoretical description of the transition into the island 
of inversion along the Ne isotopic chain.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
The understanding of nuclei far from the line of β stability is 
one of the key challenges of modern nuclear physics. It is predicted 
that these exotic nuclei, with large imbalances between proton (Z ) 
and neutron (N) numbers, will undergo dramatic changes to their 
shell structures compared to those established for stable nuclei. 
Indeed, such modifications of shell structure have now been ob-
served for a wide range of exotic nuclei, revealing the breakdown 
of conventional shell gaps and the formation of new ones.

A pivotal area for a sudden shell structure change is the so-
called “island of inversion”, comprising neutron-rich F (Z = 9), 
Ne (Z = 10), Na (Z = 11), and Mg (Z = 12) isotopes around 
N = 20. The first such indication, from mass measurements of 
31,32Na [1], found these systems to be more bound than expected 
for a spherical shape with the conventional N = 20 shell gap. An 
onset of quadrupole deformation was later reported in 32Mg [2]
and 30Ne [3,4], revealed by the low excitation energies of their 
first 2+

1 states and large B(E2; 0gs → 2+
1 ) transition probabilities. 

Moving towards the more neutron-rich isotopes, large quadrupole 
deformation was found in 40Mg at N = 28 [5]. As modeled by 
shell-model calculations [6], this dramatic change in nuclear struc-
ture in the island of inversion is attributed to neutron particle-hole 
(np-nh) excitations across the quenched N = 20 and N = 28 shell 
gaps between the sd and pf orbitals.

Many experimental efforts have been made to explore the 
mechanism driving the emergence of the island of inversion. While 
extensive studies have been performed for the magnesium iso-
topic chain [7–12], such detailed structure information remains 
more limited for the Ne isotopes. Along the Ne isotopic chain, the 
first onset of a pf -shell intruder configuration was identified in 
28Ne [13], while 29Ne [14–17] borders, and 30−32Ne [18–21] lie 
within the island of inversion. Experimental findings suggest that 
the intruder p-wave configuration plays a key role. The spectro-
scopic factor (C2S) for removing a neutron from the 2p3/2 intruder 
state in 28Ne was deduced to be 0.32(4) [13]. This 2p3/2 neutron 
removal strength increases to 0.9(1) in 30Ne [14].

For 29Ne, a dominant p-wave ground-state configuration was 
deduced by measuring both the inclusive and Coulomb dissocia-
tion cross sections for 28Ne production via the neutron removing 
reactions on a carbon and lead target, respectively [15]. In ad-
dition to these p-wave contributions, f -wave intruder neutron-
removal strength has been identified, populating unbound states 
in 27Ne [22] and 29Ne [16]. These f -wave components reveal 
a markedly different picture, compared to shell-model calcula-
tions, which predict significant f -wave intruder strength leading 
to bound final states [14,22]. Obtaining a quantitative determina-
tion of this pf -shell strength in the ground state of 29Ne, at the 
2

transition into the island of inversion, is critical to understand the 
development of such intruder configurations along the neon iso-
topic chain – as well as to provide essential input for developing 
its theoretical description.

Accordingly, the neutron-rich Ne isotopes can provide a test-
ing ground offering new insight into this theoretical description. 
Originally, models suggested that the structures developing in the 
island-of-inversion nuclei were expected to be dominated by 2p-
2h intruder configurations [23]. However, more recent theoreti-
cal studies have proposed considerable 4p-4h intruder contribu-
tions [24–26] to explain the evolution of intruder pf strength from 
30Mg [8] to 32Mg [26,27]. For the neon isotopes, the 4p-4h config-
uration was hinted by the suppression of the two-proton removal 
cross section from 30Ne [18] whereas a very recent study of 32Ne 
found no significant difference in expectations between theoretical 
descriptions that include only 2p-2h and those with 4p-4h config-
urations [21]. More detailed spectroscopic information in the Ne 
isotopes is needed to pin down these different descriptions of the 
island of inversion.

In this work, we report on in-beam γ -ray spectroscopy of 28Ne 
(Z = 10, N = 18) produced by the one-neutron removal reaction 
from 29Ne on a proton target. These new experimental results pro-
vide a more detailed level scheme, via the partial cross sections to 
the individual bound states in 28Ne and their momentum distribu-
tions – a direct probe of the active, valence neutron orbitals. This 
allows a quantitative determination of the strength of pf intruder 
configurations in the 29Ne ground state for the first time.

A hydrogen target was used due to the advantages of proton-
induced reactions in nuclear structure study with exotic beams 
[28], such as high luminosity. Detailed comparisons of analyses of 
specific nucleon removal experiments on proton and light nuclear 
targets have not yet been made. One purpose of the present hydro-
gen target experiment is to provide such data to compare with the 
earlier comprehensive (but less exclusive) carbon target data [15]
and analysis and to begin a program of such comparisons.

Located at the border of the island of inversion, 28Ne is ex-
pected to demonstrate intruder pf strength. To date, studies of 
28Ne have mainly concerned the properties of the 2+

1 state [29–
32]. Along the Ne isotopic chain, a lowering of the 2+

1 state energy, 
Ex(2+

1 ), occurs at 28Ne, suggesting an onset of quadruple deforma-
tion [29]. However, the deformation parameters, for both protons 
and neutrons [30–32] were found to be moderate as compared to 
other nuclei inside the island of inversion. On the other hand, the 
available spectroscopic studies on the N = 18 isotones have re-
vealed the development of intruder pf configurations – with the 
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intruder contributions present in low-lying excited states and ex-
pected to be present even in ground states towards the low-Z part 
of the chain – due to shell evolution. Indeed, shell-model calcu-
lations also suggest that the N = 20 and N = 28 shell gaps will 
reduce with decreasing atomic number [33]. For instance, intruder 
states were found in the excited 0+ states in 34Si (Z = 14) [34]
and 30Mg (Z = 12) [35] as well as in the low-lying excited states in 
29Na (Z = 11) [36]. Moving to 28Ne, additional contributions from 
intruder configurations are expected according to shell-model cal-
culations [23,25,24] as compared to the heavier N = 18 isotones. 
Thus, detailed structural information will allow quantitative study 
of this pf -shell intruder strength in 28Ne.

The experiment was performed at the Radioactive Isotope Beam 
Factory (RIBF), operated by the RIKEN Nishina Center and the 
Center for Nuclear Study, University of Tokyo. A 29Ne secondary 
beam was produced by fragmentation of a 48Ca primary beam at 
345 MeV/nucleon, with a typical intensity of 550 pnA, on a 15-
mm-thick beryllium target located at the entrance of the BigRIPS 
fragment separator [37]. The 29Ne beam was selected and purified 
in BigRIPS by employing two wedge-shaped aluminum degraders 
at the dispersive foci. Identification of the 29Ne particles was made 
event-by-event by measuring the time of flight (TOF), magnetic 
rigidity (Bρ), and energy loss (�E), as described in Ref. [38]. The 
average intensity of the 29Ne beam in BigRIPS was 8.2 × 103 par-
ticles per second and its fraction in the secondary beams was 
∼85%.

The 29Ne beam impinged on the MINOS [39] target, a 151(1)-
mm-thick liquid hydrogen target, with an energy of 240 MeV/nu-
cleon at the center of the target. The target was surrounded by a 
time projection chamber for measuring the trajectory of the recoil 
proton from the (p, pn) reaction. The tracks of the beam particles, 
measured by the drift chamber before the target, and the proton 
were used to reconstruct the reaction vertex in the target [39]. The 
measured efficiency to detect the outgoing proton was 67(5)%.

To detect the γ rays emitted from the excited states of 28Ne, 
the MINOS target was surrounded by the DALI2 array [40], which 
consisted of 142 NaI(Tl) scintillators. The efficiency and energy 
resolution for 1-MeV γ rays were 15% and 11% (FWHM), respec-
tively. The DALI2 response to γ rays was generated using Monte 
Carlo simulations with the GEANT4 [41] framework and the ex-
perimental γ -ray energy spectrum was fitted with these response 
functions. DALI2 was chosen not only for its high γ -ray detection 
efficiency but also because the MINOS setup is optimized for cou-
pling with it in a compact geometry [39].

Downstream of MINOS, the reaction residues were transported 
to the SAMURAI spectrometer [42] and identified by measuring 
their Bρ , �E and TOF information. A central magnetic field of 
2.9 Tesla was applied for the SAMURAI dipole magnet. The Bρ val-
ues of charged particles were reconstructed using two drift cham-
bers located at the entrance and exit of the magnet [42]. The TOF 
and �E measurements were made using a 24 element plastic scin-
tillator hodoscope.

The Doppler-shift-corrected γ -ray energy spectrum measured 
in coincidence with the 29Ne(p, pn)28Ne channel is shown in 
Fig. 1(a). The spectrum was fitted using simulated DALI2 response 
functions added to a double-exponential background. Eight transi-
tions were identified, as listed in Table 1. The 1323-keV transition 
with the most intensity, corresponding to the 2+

1 → 0+
gs decay, 

is consistent with previous reports [15,29–32,43,44]. The second 
most intense transition is found at 1600 keV, confirming the pre-
vious report [15]. The peak at 951 keV confirms the previous mea-
surements [15,44]. The transitions at 2078, 2502, and 2923 keV 
are newly found in the present work. γ − γ analysis showed that 
the transitions at 951, 1118, 1600, 1732, 2078, and 2502 keV are 
in coincidence with the 2+

1 → 0+
gs decay, as displayed in Fig. 1(b). 

Within the energy uncertainties, the 2923-keV transition is in good 
3

Fig. 1. (a) γ -ray energy spectrum in coincidence with the 29Ne(p, pn)28Ne reaction, 
after Doppler-shift correction. The fit result (blue line) includes simulated DALI2 
response functions (red dashed lines) and a double-exponential background (black 
dashed line). The γ -ray spectra are shown for a gate on the 1323-keV (b) and 1732-
keV (c) transitions. The self-coincidences in (b) originate from the Compton events 
of transitions at high energy. The gate used for γ − γ analysis in (c) was shifted 
from the centroid of the 1732-keV peak to minimize the cross contamination from 
overlapping peaks.

Table 1
Observed γ -ray energies (Eγ ) from the one-neutron 
knockout reaction from 29Ne and their placements in 
28Ne. Intensities relative to the 1323-keV transition are 
also shown. The uncertainties in the relative intensities in-
dicate the statistical contributions.

Eγ (keV) Placement Relative intensity (%)

951(5) 4006 → 3055 13.4(1)
1118(6) 2441 → 1323 15.6(1)
1323(7) 1323 → 0 100.0(2)
1600(9) 2923 → 1323 36.4(2)
1732(10) 3055 → 1323 13.9(1)
2078(12) 3401 → 1323 7.6(4)
2502(17) 3825 → 1323 7.1(5)
2923(22) 2923 → 0 5.3(4)

agreement with the sum of the 1323- and 1600-keV transitions. 
The 1118-keV transition, reported in Refs. [43,45] at 1127 keV, is 
suggested to be in coincidence with the 2+

1 → 0+
gs decay, based on 

this neutron removal reaction data. Gating around 1732 keV, peaks 
are found at 951 keV and 1323 keV, as shown in Fig. 1(c), suggest-
ing a γ -ray cascade. The 951- and 1732-keV transitions are found 
to have the same intensities in the present work and thus their 
placement is difficult. The cascade decay may correspond to those 
reported in the inelastic scattering [32] and one-proton knockout 
reactions [43], where the 1732-keV transition is more intense than 
the 951-keV one. In addition, a large intensity for the 1732-keV 
transition is suggested from other measurements [31,44]. There-
fore, the 1732-keV transition is tentatively placed lower than the 
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Fig. 2. Experimental and calculated level schemes for 28Ne. Excitation energies, spins 
and parities are provided beside the levels. Observed γ -ray energies and their rel-
ative intensities are also given. The experimental spin-parity assignments are based 
on the analysis on the shapes of the parallel momentum distribution obtained in 
coincidence with the transitions. Three sets of the calculated level schemes using 
different shell-model interactions SDPF-M, SDPF-U-MIX and EEdf1 are shown for 
comparison. See details in the text.

Table 2
Results for one-neutron removal from 29Ne. Level energies (Ex) and partial cross 
sections (σexp) are listed. The orbitals of the removed neutron are also shown. 
Calculated theoretical single-particle cross sections (σsp) using the DWIA [46,47]
and eikonal frameworks [48] are presented in the last two columns. The ex-
perimental spectroscopic factors can be obtained by using C2Sexp−DWIA(eikonal) = 
σexp/σsp−DWIA(eikonal) .

Ex (keV) σexp (mb) orbital σsp−DWIA (mb) σsp−eikonal (mb)

0 8.4(8) 2p3/2 14.81 21.19
1323 3.6(3) 2p3/2

a 11.93 18.56
2p3/2

b 11.93 18.56
1 f7/2

b 8.00 13.69
2441 2.9(1) 2p3/2 10.57 17.18
2923 7.7(2) 2p3/2 10.13 16.70
3055 0.1(1)
3401 1.4(1) 1d3/2

c 5.90 11.46
2s1/2

d 8.46
1p3/2

e 9.74
3825 1.3(1) 2s1/2 8.14 14.80
4006 2.5(1) 1d3/2 5.70 11.13
Inclusive 28(1)

a A removal from 2p3/2 is assumed.
b A linear combination of 2p3/2 and 1 f7/2 is assumed.
c A removal from 1d3/2 is assumed.
d A removal from 2s1/2 is assumed.
e A removal from 2p3/2 is assumed.

951-keV transition. Based on the observed γ − γ coincidences, a 
level scheme is constructed as presented in Fig. 2.

The measured inclusive cross section to all bound states was 
determined to be 28(1) mb. As a thick target is used, the reaction 
loss in the thick liquid hydrogen target is accounted for using the 
method presented in Ref. [15].

Using the fit result and level scheme constructed above, the 
partial cross sections associated with each excited state were ob-
tained. These partial cross sections are summarized in Table 2, 
ordered by increasing excitation energy. The ground-state cross 
section was obtained by subtracting the cross section to all excited 
states from the inclusive one.

The intermediate energy one-neutron removal reaction is
known to be a powerful tool to assign spins and parities since 
4

the shapes of the residue momentum distributions reflect the or-
bital angular momentum of the removed neutron. To make the 
excited states spin-parity assignments, the shapes of the momen-
tum distributions of the 28Ne residues in the 29Ne rest frame 
were analyzed. The parallel momentum distributions were recon-
structed using the velocities of the beam and fragments, as well as 
the scattering angle determined from the reaction vertex and the 
drift chambers located behind the secondary target. A resolution 
of 30 MeV/c (root mean square) was evaluated by measuring the 
unreacted 29Ne beam. The momentum distributions for the excited 
states were determined by fitting the γ -ray spectra in coincidence 
with the selection of 40 MeV/c wide bins of the inclusive momen-
tum and obtaining the integral for each γ -ray transition.

For the 1323-keV state, the momentum distribution was ob-
tained after the subtraction of the contributions from the feeding 
states, based on the level scheme presented in Fig. 2. The momen-
tum distribution for the 3055-keV state could not be obtained in 
the present work because its cross section is consistent with zero. 
The resulting momentum distributions are displayed in Fig. 3. The 
large error bars in the 1323-keV momentum distribution are due 
to the subtraction of the feeding states. For the 3401- and 3825-
keV states, the errors in the momentum distributions are dom-
inated by the statistical contributions because of their relatively 
small intensities.

These experimental momentum distributions are compared to 
those calculated using the distorted wave impulse approximation 
(DWIA) model [46,47] assuming neutron removal from different 
single-particle orbitals, namely 2s1/2, 2p3/2, 1d3/2, and 1 f7/2. The 
model has been already applied in several works [49–53]. For 
the comparison, the overall normalization factor in the calculated 
momentum distribution was treated as a free parameter. In the 
DWIA approach, the single-particle wave function and nuclear den-
sity were derived from the Bohr-Mottelson single-particle poten-
tial [54]. The depth of the potential is adjusted to reproduce the 
neutron separation energy of 29Ne for each state of the 28Ne core. 
Optical potentials used for the distorted waves in the initial and fi-
nal states were constructed by the microscopic folding model [55]
from the calculated nuclear density and the Melbourne g-matrix 
interaction [56]. The Franey-Love parameterization [57] was ap-
plied for the neutron-removing proton-neutron interaction of the 
elementary process. We note that the momentum distributions 
computed with the DWIA framework present small asymmetric 
shapes [47], and those from the eikonal dynamical model have 
symmetric ones [48]. The widths of the distributions calculated 
from both theoretical approaches are essentially identical and our 
conclusions regarding the deduced spin-parities of final states are 
common to both methods.

The state at 1323 keV has been assigned to the 2+
1 state 

in the previous reports. Considering the ground state of 29Ne is 
3/2− [14,15], spin-parity conservation dictates that population of 
the 2+

1 state occurs due to neutron removal from the 2p3/2 or 
1 f7/2 orbitals. The measured 1323-keV momentum distribution is 
thus fitted assuming two possibilities: (i) removal from pure 2p3/2, 
and (ii) removal from a linear combination of 2p3/2 and 1 f7/2 or-
bitals, as shown in Fig. 3(a). The latter fit comprises 71 ± 15% of p-
and 29 ± 15% of f -wave strength. Due to the size of the error bars 
after feeding subtraction, these two fits cannot be resolved. The 
fit using a combination of p- and f -wave configurations indicates 
the possibility of a small f -wave contribution to the bound states. 
Using this combination, the cross sections for the p- and f -wave 
strengths are 2.6(6) and 1.0(5) mb. For all other excited states we 
compare the momentum distributions to the shapes calculated for 
removal from a single orbital component.

As shown in Fig. 3(b), the momentum distribution for the 
2441-keV state favors p-wave removal, for which spin-parities of 
0+, 1+, 2+, 3+ are possible. A 3+ assignment is not likely, be-
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Fig. 3. Measured parallel momentum distributions for the 28Ne residues obtained following the 29Ne(p, pn) in coincidence with γ -ray transitions. The distribution of the 
1323-keV state was obtained by subtracting the contributions from the feeding states. The experimental data are compared with the shapes computed from the DWIA 
calculations when assuming neutron-removal from the 2s1/2 (green), 2p3/2 (red), 1d3/2 (blue), and 1 f7/2 (cyan) orbitals.
cause the 3+ states normally appear at excitation energies above 
5 MeV [58] for the neutron-rich nuclei around N = 20. Given 
that the γ -decay proceeds solely to the 2+

1 level, a spin-parity 
of (0, 2)+ is tentatively assigned to the 2441-keV state because 
a 1+ assignment would favor an M1 decay to the ground state. 
It is noted that the 1118-keV transition is also reported in the 
one-proton removal from 29Na [43]. Since the 29Na ground state is 
3/2+ [58] this supports the positive-parity ( Jπ = 1+, 2+, 3+, 4+) 
assignment for the 2441-keV state populated following proton re-
moval from the 1d5/2 orbital. Considering both the one-proton and 
one-neutron removal cases, the 2441-keV state favors a 2+ assign-
ment.

The momentum distribution of the 2923-keV state clearly fa-
vors the knockout of a neutron from the 2p3/2 orbital, as displayed 
in Fig. 3(c). Because the 2923-keV state has one branch that di-
rectly decays to the ground state, the 0+ assignment is excluded. 
A 3+ assignment is not favored, since it would result in an M3
transition for the 2923 → 0+

gs decay with a half-life of a few hun-
dreds nanoseconds, according to the Weisskopf estimation. Such 
a half-life is too long to be observed with the experimental tech-
nique used in the present work. Considering that the 2923 → 1323
decay is more intense than that to the ground state, a 2+ assign-
ment is made for this state, because a 1+ assignment would result 
in a strong M1 decay for the 2923 → 0+

gs transition due to the 
large energy difference.

Negative-parity states in 28Ne can be populated by removing a 
neutron from sd orbitals. For the state at 3401 keV, a removal from 
1d3/2 is most likely given its smallest reduced χ2 value of 1.07, as 
shown in Fig. 3(d). However, the limited statistics cannot exclude 
the possibilities of s- (reduced χ2 = 1.66) or p-wave (reduced 
5

χ2 = 1.44) configurations. Removal from 1d3/2 or 1s1/2 leads to a 
negative-parity with Jπ = 0−, 1−, 2−, 3− or Jπ = 1−, 2− , respec-
tively. Given its sole decay branch to the 2+

1 state, the spin-parity 
of 1− is not likely as this would favor the decay to the ground 
state via an E1 transition. In the region of nuclei around N = 20, 
the 0− states are typically located at excitation energies around 
10 MeV [58]. Therefore, a spin-parity of (2, 3)− is possible for 
the 3401-keV state. In the case of removal from 2p3/2, a positive-
parity with Jπ = 0+, 2+ is possible, as per the discussion for the 
2441-keV state, since the observed decay is solely to the 2+

1 state. 
Therefore, the 3401-keV state may have a spin-parity of (2, 3)−
or (0, 2)+ . For the 3825-keV state, the momentum distribution 
supports removal from the 2s1/2 orbital and a 2− assignment is 
proposed here because the decay proceeds only to the 2+

1 level. 
The 4006-keV momentum distribution appears broad and favors a 
removal from 2d3/2, indicating a negative-parity assignment with 
Jπ = 0− − 3− .

As mentioned above, the present direct neutron-removal reac-
tion of 29Ne on a proton target has also been studied with the 
eikonal dynamical model [48]. This eikonal approach, widely used 
for reactions on light-nucleus targets [10–12,15], was also recently 
applied to the proton-induced 30Ne(p, pn) [16], 29Ne(p, 2p) and 
29F(p, pn) [59] reactions. In the case of a proton target, the nu-
cleon removal is due to nucleon-nucleon collisions, described in 
the model by their elastic S-matrix. Unlike for a nuclear target, 
where the inelastic (target excitation) removal mechanism domi-
nates, on a proton target removal is due to the elastic target colli-
sions. As used here, the proton-28Ne optical potential is deduced 
from the 28Ne density, obtained from a spherical Skyrme SkX 
Hartree-Fock (HF) calculation [60]. The eikonal methodology used 
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Fig. 4. Comparison between (a) the measured partial cross sections and those calcu-
lated to the bound shell-model final states obtained using different interactions: 
(b) SDPF-M, (c) SDPF-U-MIX, and (d) EEdf1. The SDPF-M results are taken from 
Refs. [15,48]. Contributions of neutron removal from 2s1/2, 2p3/2, 1d3/2, and 1 f7/2

orbitals are colored by green, red, blue, and cyan, respectively. The single-particle 
cross sections are calculated using the DWIA framework. The experimental ground-
state cross section should be seen as an upper limit. The experimental inclusive 
cross section and the sum of calculated partial cross sections are also shown for 
each case.

is outlined in Refs. [16,59] and detailed in Ref. [48]. The single-
particle cross sections computed using the DWIA and eikonal mod-
els differ, as are listed in Table 2. The difference might be related 
to the different inputs used in the DWIA and eikonal calculations 
for the 28Ne density and geometry of the neutron bound state po-
tentials as described above.

With the spin-parity assignments discussed, the experimental 
partial cross sections can be used to probe the wave function com-
position of the ground state of 29Ne. The experimental partial cross 
sections and those calculated using different shell-model spectro-
scopic factors are plotted in Fig. 4 and Fig. 5 using the DWIA 
framework [46,47] and the eikonal model [48], respectively. Evi-
dent from panel (a) of the two figures is the significant measured 
2p3/2-wave strength and the small observed 1 f7/2 contribution. 
The large 2p3/2 contribution comes not only from the 0+

gs and 2+
1

states, but also from the (0,2)+ and the 2+ states above 2 MeV. 
Based on the measured partial cross sections, the summed ex-
perimental 2p3/2 spectroscopic factors (C2Sexp = σexp/σsp), using 
the DWIA and eikonal single-particle cross sections are 1.82(7) 
and 1.16(5), respectively, assuming the linear combination shown 
in Fig. 3(a) (1.90(6) and 1.22(4) assuming a removal from 2p3/2). 
These values show a large summed p-wave strength compared to 
shell-model calculations as presented in Fig. 4 and Fig. 5. Such 
large occupation of the 2p3/2 orbital shows its lowering, as com-
pared to the normal 1d3/2 orbital, indicating its intruder nature, 
thereby providing evidence of the breakdown of the N = 20 and 
N = 28 shell gaps [14,24,61].

As shown above, the present work suggests weak possible f -
wave intruder strengths to the bound states of 28Ne – from the 
6

Fig. 5. Same as Fig. 4 but with the removal cross sections calculated using the 
eikonal dynamical model.

fit to the shape of the 2+
1 state momentum distribution. Consid-

ering the 29Ne ground state is 3/2− [14,15], direct population of 
4+ states in 28Ne is expected following a neutron removal from 
the intruder 1 f7/2 orbital, if there were any significant f -wave oc-
cupancy. The newly obtained data, however, do not show signs of 
4+ states. Ref. [43] once proposed the 1732-keV transition as a 
candidate for the 4+

1 → 2+
1 decay. Even assuming the 3055-keV 

state is the 4+
1 state, the present data still suggests weak f -wave 

strength because of its small cross section of 0.1(1) mb. This exper-
imental finding in Ne is different from those in the Mg isotopes, 
where considerable f -wave strength to the bound states has been 
identified via one-neutron removal reactions [7,9–12]. Such a dif-
ference in the f -wave occupancies between Ne and Mg might be 
related to the gap size between the 2p3/2 and 1 f7/2 orbitals. For 
the Ne isotopes, shell-model calculations predict significant 1 f7/2-
wave strength to bound final states in 27Ne [22] and 29Ne [14]. 
No such bound state strength of 1 f7/2 was reported experimen-
tally [13,14]. In fact, the observed 1 f7/2-wave strength was found 
in unbound states at respective 1 and 1.5 MeV excitation above the 
2p3/2 states in 27Ne [22] and 29Ne [16], leading to a gap between 
the 1 f7/2 and 2p3/2 orbitals along the Ne isotopic chain approach-
ing the island of inversion. In contrast, the 1 f7/2 and 2p3/2 orbitals 
are almost degenerate for Mg. Such a pf -orbital gap may suppress 
the occupation of the 1 f7/2 orbital in 29Ne, resulting in the weak 
f -wave strength to bound final states observed in 28Ne.

The excitation energies of the negative-parity states along the 
N = 18 isotones can reflect the size of the N = 20 gap approach-
ing the island of inversion, as illustrated in Refs. [9,11]. Here, 
the negative-parity states in 28Ne are identified for the first time 
among the neutron-rich even-even Ne isotopes in the island of 
inversion. Considering a 3p-4h configuration in 29Ne [15,17], the 
large cross sections to the 3401- and 3825-keV states indicate the 
presence of the 3p-5h intruder configuration in 28Ne. The lowest 
negative-parity state in 28Ne is found at 3.4 MeV, assuming a neu-
tron removal from 1d3/2. This value is similar to that for 30Mg of 
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3.3 MeV, but is lower by about 1.8 MeV compared to 32Si, where a 
normal configuration dominates. As shown in Fig. 3(d), the 3401-
keV state is populated by removing the neutron from the 1d3/2
orbital. Thus, the decrease of the excitation energies of negative-
parity states could be understood as a reduced gap between the 
1d3/2 and 2p3/2 orbitals, thereby supporting the breakdown of the 
N = 20 shell gap at Z = 10. Such a lowering of the negative-parity 
states is similar to that for the 1− state in 12Be along the N = 8
isotones [62].

To seek insight from the theoretical description of 28Ne, large-
scale shell-model calculations were performed using the SDPF-
M [23], SDPF-U-MIX [24], and EEdf1 [25] effective interactions. The 
SDPF-M interaction has been widely used in the studies for island-
of-inversion nuclei. It includes a model space of the sd shell and 
the 1 f7/2 and 2p3/2 orbitals in the pf shell, for both neutrons 
and protons. SDPF-U-MIX is a more recently developed interaction 
with an extended model space including the full neutron pf shell. 
It has been successfully applied to describe the excited states for 
neutron-rich Mg and Si isotopes [24]. The recently developed EEdf1 
interaction includes a model space consisting of the full sd and pf
shells. Here, the two-body matrix elements are derived microscop-
ically from the so-called extended Kuo-Krenciglowa (EKK) method. 
The calculated level schemes using these three interactions are dis-
played in Fig. 2 for comparison. These three calculations show sim-
ilar results for the 2+

1 and 4+
1 excitation energies. The calculated 

location of the 0+
2 state depends on the interaction. SDPF-U-MIX 

shows a 0+
2 state close to the 2+

1 state, while the calculated 0+
2

excitation energies by SDPF-M and EEdf1 are located 1 MeV and 
2 MeV above 2+

1 , respectively. All three calculations predict the 
negative-parity states to be located above 3 MeV.

To further characterize the intruder pf spectroscopic strengths 
of the observed states, the calculated partial cross sections are 
shown in Fig. 4 and Fig. 5, derived using the spectroscopic fac-
tors from these three shell-model interactions combined with the 
single-particle cross sections σsp from the DWIA framework and 
the eikonal calculations. The shell-model spectroscopic factors re-
flect the single-neutron overlaps between 28Ne and 29Ne, and thus 
depend not only on the final states of 28Ne but also on the initial 
(ground) state of 29Ne. Both the SDPF-U-MIX and EEdf1 interac-
tions predict a 3/2− as the 29Ne ground state with a large fraction 
of the 3p-4h configuration of 86% and 83.8%, respectively. For the 
SDPF-M calculation the 29Ne 3/2− state is not the ground state but 
lies at 73 keV [14]. This state also shows a dominant 67% 3p-4h 
configuration [15,48]. The summed calculated p ( f ) spectroscopic 
factors are 0.73 (0.86) for SDPF-M, 0.56 (0.96) for SDPF-U-MIX, and 
0.81 (0.86) for EEdf1. In all three calculations, the f -wave spectro-
scopic strengths mainly come from the 4+

1 state. Although SDPF-M 
and EEdf1 predict similar C2S values for the p-wave, the main con-
tributions are from the 0+

gs and 2+
1 , respectively.

As shown in Fig. 4(b)-(d) and Fig. 5(b)-(d), all of the interac-
tions qualitatively reproduce the distribution of p-wave strength, 
but underestimate their absolute values in general. The SDPF-M re-
sult shows the most p-wave strength in the ground state and the 
predicted ground-state cross section is in good agreement with the 
data. In the SDPF-U-MIX and EEdf1 calculations, the population of 
the ground state is hindered and the p-wave strength is shifted 
into the 2+

1 state. In particular, the large p-wave strength found at 
2923 keV is not present in any of the shell-model calculations. All 
three calculations show a good agreement with the 2+

1 excitation 
energies. We note that the B(E2; 0gs → 2+

1 ) value of 28Ne is repro-
duced well by the EEdf1 [25] calculation but is overestimated by 
the SDPF-M and SDPF-U-MIX results [4]. For the 2+

1 partial cross 
section, not only p-wave but also sizable f -wave strength are sug-
gested by the calculations, showing a marked difference from the 
experimental result, which shows a dominant p-wave strength as 
displayed in Fig. 3(a). The EEdf1 calculation reproduces the p-wave 
7

strength to the 2+
1 state, but overestimates the cross section due 

to the existence of the theoretical f -wave strength.
Although the energy deviates, all three shell-model calculations 

predict very small C2S values for the excited 0+ state, resulting in 
a small partial cross section. Based on these calculated results, the 
2441-keV state with its sizable cross section may not favor a 0+
assignment. It is interesting to discuss the excitation energy of the 
0+

2 state in 28Ne because excited 0+ states are important to re-
veal possible shape-coexistence. Along the N = 18 isotones, Ne is 
expected to have a greater intruder configuration than Mg, as Ne 
is expected to have a smaller N = 20 shell gap [23,24]. Thus, the 
0+

2 state in 28Ne could be expected to appear lower in energy than 
that (at 1.8 MeV) for 30Mg [35]. This scenario is supported by the 
SDPF-U-MIX result, which calculates the 0+

2 state to lie at 1.3 MeV. 
Similarly to 30,32Mg [35,63], such a low excitation energy will lead 
to an isomeric 0+

2 state, presenting a shape-coexistence feature. A 
dedicated study of the excited 0+ state in 28Ne is therefore de-
sired to reveal its nature – which is a critical input for the overall 
theoretical description.

In contrast to the experimental findings, considerable 1 f7/2
contributions are presented in all the shell-model calculations, in 
particular for population of the 4+

1 state. In fact, along the Ne 
isotopic chain, the locations of the f -wave intruder states show 
disagreement between experimental results and shell-model cal-
culations. For instance, the f -wave intruder states were observed 
to be unbound in 27,29Ne [22,16], while SDPF-M suggests they are 
bound. In 29Ne, calculations with SDPF-U-MIX also show a bound 
f -wave intruder state at 610 keV, whereas the f -wave strength 
is observed at 1.5 MeV and unbound [16,14]. Given the disagree-
ments between the measured and shell-model expectations re-
vealed by the present work, these f -wave intruder components 
present a challenge for the theoretical descriptions of the neutron-
rich Ne isotopes. Moreover, a continued search for possible f -wave 
strength populating states in 28Ne is encouraged for future stud-
ies, for example, using γ -ray spectroscopy with high resolution 
and statistics to examine possible population of the 4+

1 state, as 
well as invariant-mass measurements to locate any unbound 4+
states [64] which will complement the experimental method used 
in the present work.

For the negative-parity states, all the shell-model calcula-
tions give a reasonable agreement of both the energies and their 
strength. The reduction in the gap between the 1d3/2 and 2p3/2
orbitals suggested by the data, as discussed above, is also sup-
ported by the shell-model calculations [23–25], which show the 
neutron sd − pf gap narrows towards to Z ≤ 10.

In summary, intruder configurations in the ground state in 29Ne 
were investigated quantitatively for the first time via the one-
neutron removal reaction on a hydrogen target. The partial cross 
sections and the analysis of the momentum distributions reveal a 
strong p-wave strength to the low-lying states of 28Ne, but a weak, 
possible f -wave strength to bound 28Ne states. Such findings are 
different from the shell-model expectation that both considerable 
p- and f -wave strengths contribute to the bound states for the 
neutron-rich Ne isotopes, in a similar manner to the Mg isotopes. 
The large value of summed p-wave spectroscopic factors presents 
clear evidence of the intruder nature of the 2p3/2 orbital, as well 
as of the reduction of the N = 20 and N = 28 shell gaps. The 
negative-parity states in 28Ne were identified for the first time, 
extending the systematics along the N = 18 isotones, and once 
again supporting the breakdown of the N = 20 shell gap in the 
neon isotopes. These general findings are common to both the 
DWIA framework and the eikonal dynamical model of the reaction. 
Shell-model calculations using three different interactions SDPF-M, 
SDPF-U-MIX, and EEdf1 have been performed for the structure of 
28Ne, 29Ne, and their single-neutron overlaps. However, none of 
these shell-model calculations reproduce the experimental obser-
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vations of a large p-wave and a small f -wave strength, thus pre-
senting an ongoing challenge concerning the detailed theoretical 
description of the nuclei in the island of inversion. Further work 
is also needed to assess the implications of the deduced spec-
troscopic strengths from these proton-target data, based on the 
two presented theoretical reaction models, upon the analyses of 
the earlier published measurements of neutron-removal on C and 
Pb targets [15]. The Coulomb dissociation data on the Pb target, 
being essentially independent of details of the strong-interaction 
removal-reaction mechanism, can provide an important benchmark 
of the observed differences between the deduced absolute intruder 
state strengths when using the two theoretical models.
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