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Background: Very neutron-rich isotopes, including 30−32 Ne, in the vicinity of N = 20 are known to exhibit
ground states dominated by fp-shell intruder configurations: the “island of inversion.” Systematics for the
Ne-isotopic chain suggest that such configurations may be in strong competition with normal shell-model
configurations in the ground state of 29 Ne.
Purpose: A determination of the structure of 29 Ne is thus important to delineate the extent of the island of
inversion and better understand structural evolution in neutron-rich Ne isotopes. This is accomplished here
through a combined investigation of nuclear and Coulomb-induced one-neutron removal reactions.
Method: Cross sections for one-neutron removal on carbon and lead targets and the parallel momentum
distribution of the 28 Ne residues from the carbon target are measured at around 240 MeV/nucleon. The
measurements are compared with reaction calculations combined with spectroscopic information from SDPF-M
shell-model wave functions.
Results: The deduced width of the inclusive parallel momentum distribution, 98(12) MeV/c (FWHM), suggests
that the ground state of 29 Ne has a spin parity of 3/2− . Detailed comparisons of the measured inclusive and
partial cross sections of the two targets and the parallel momentum distribution of the carbon target with
reaction calculations, combined with spectroscopic information from large-scale shell-model calculations, are
all consistent with a 3/2− spin-parity assignment.
Conclusions: The results indicate that 29 Ne lies within the island of inversion and that the ground state of 29 Ne
is dominated by a 28 Ne(0+
1 ) ⊗ 2p3/2 neutron configuration. Combined with recently measured interaction cross
sections, it is concluded that 29 Ne may exhibit a moderately developed halo-like distribution.
DOI: 10.1103/PhysRevC.93.014613

I. INTRODUCTION

Understanding the evolution of shell structure in neutronrich nuclei is a fundamental challenge for modern nuclear
physics [1]. While some theoretical and experimental studies
suggest the need to modify the conventional j -j -coupled
shell-model (SM) basis (e.g., Ref. [2]), the mechanism driving
shell evolution remains to be fully explained. In particular, the
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“island of inversion” region of light neutron-rich nuclei with
neutron number N ≈ 20 has been much studied [1,3]. Here
the nuclei have low-lying states characterized by significant
neutron fp-shell intruder configurations associated with
deformation [4].
The work by Hamamoto [5–7] has shown that such
deformation may arise due to the near-degeneracy of the
1f7/2 and 2p3/2 orbitals, which couple strongly via the spinindependent quadrupole-quadrupole interaction: an example
of the Jahn-Teller effect [8,9]. Such near-degeneracy, which
can be interpreted as a loss of N = 28 magicity, is expected
to be associated with the presence of weakly bound and/or
resonant neutron single-particle levels with low orbital angular
momenta. As a result, weakly bound, low- neutron configurations and possible halo formation are expected to be features
of island-of-inversion nuclei.
Deformation-driven halo configurations have indeed been
found in the weakly bound island-of-inversion nuclei 31 Ne
[10–12] and 37 Mg [13,14]. By combining one-neutron (1n)removal reactions on carbon and lead targets and exploiting
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their different sensitivities to the configurations of the removed
neutron, the 31 Ne ground state has been demonstrated to have
spin parity 3/2− [10,11]. This result, consistent with the largescale SM calculations with the SDPF-M effective interaction
[15], shows that the very weakly bound 31 Ne ground state
[16] has a sizable 2p3/2 halo component. The SM calculations
indicate that the 31 Ne ground state is dominated by 3p-2h
configurations and is suggestive of a large prolate deformation
(β ≈ 0.6).
In addition to 31 Ne, there is now a body of experimental
data on the very neutron-rich Ne isotopes [12,17–23]. The
structures of these isotopes evolve considerably as one moves
toward the neutron drip line and are complex. As demonstrated
for the cases of 31 Ne and 37 Mg, modern large-scale SM
calculations provide theoretical guidance of this evolution
within the island of inversion. Specifically, multiple particlehole components in the ground and low-lying excited states
are predicted, with changes to the ground-state spin parities
from those expected based on the normal ordering and filling
of nuclear single-particle orbitals.
For the lighter neutron-rich neon isotopes, neutron removal
from 28 Ne suggested that significant 2p3/2 intruder configurations are present at low excitation energies in 27 Ne [18].
Recent 26 Ne(d, p) reaction studies have demonstrated that
the lowest 3/2− state is at 765 keV, while the 27 Ne ground
state is 3/2+ [18–21] (see also Fig. 4 in Sec. IV A). This
observed level ordering is in agreement with the SDPF-M SM
level scheme, which, however, places the lowest 27 Ne(3/2− )
state at 170 keV in excitation. In contrast, the SM calculations
predict the lowest 31 Ne(3/2+ ) state to be at 680 keV. This
excited 3/2+ level has not yet been observed experimentally.
Hence, both experimentally and according to the SDPF-M,
there is a spin-parity inversion of the ground states between
27
Ne and 31 Ne. For 29 Ne, of interest here, the ground-state
spin parity has not been reported. The SDPF-M SM prediction
is that the 3/2+ and 3/2− states are essentially degenerate,
with the 3/2− state lying only 73 keV above the 3/2+ ground
state. These predictions are of particular interest as, based on
mass measurements, 29 Ne has long been thought to lie outside
the island of inversion [24,25]. Other data of relevance are the
interaction cross-section measurements by Takechi et al. [12],
which show a difference in the cross sections for 29 Ne and
28
Ne comparable to that between 31 Ne and 30 Ne, suggestive of
low- valence neutron ground-state configurations. Similarly,
the inclusive momentum distribution in neutron removal from
30
Ne has been reported to be relatively narrow (136(2)
MeV/c [22]), indicative of large p3/2 and/or s1/2 and small
d3/2 removal strengths to bound 29 Ne final states. Finally,
the β-decay data on 29 Ne [23] were analyzed assuming a
3/2+ 29 Ne ground state but placing no significant constraint
upon this spin assignment.
Here we discuss data for the 1n-removal reactions from
29
Ne on carbon and lead targets and compare these with the
theoretical expectations from SDPF-M SM wave functions
(and spectroscopic strengths of their 1n overlaps) for 29 Ne(J π )
and 28 Ne. We deduce the shell structure of the 29 Ne ground
state ( 29 Neg.s. ) by exploiting the distinct sensitivities of
the nuclear- and Coulomb-dominated 1n-removal reaction

mechanisms on the two targets to the single-particle wave
functions of the active valence neutrons [26–28].
The present experiment was carried out at a beam energy
of around 240 MeV/nucleon. We show, as demonstrated in
the recent work on 31 Ne [11], that a combined analysis of
the cross sections for the two reactions, and of the momentum
distribution of the reaction residues on the carbon target, allows
one to deduce the J π and the spectroscopic factor, C 2 S, of
29
π
the assumed theoretical  28 Ne(0+
1 )| Neg.s. (J ) overlap. We
29
31
note that for Ne, unlike for the case of Ne, the neutron
separation energy Sn is relatively well known experimentally
(Sn = 960(140) keV [29,30]), allowing for a quantitative
comparison of the spectroscopic factors extracted from the
data for the two independent reaction mechanisms and the
values predicted by the SDPF-M SM calculations.
II. EXPERIMENT

The experiment was performed at the RI Beam Factory
(RIBF) [31] at RIKEN, using a 48 Ca primary beam at
345 MeV/nucleon, with an intensity ≈50 pnA supplied by the
Superconducting Ring Cyclotron. The experimental setup is
identical to that used for the earlier reported 37 Mg experiment
[13]. Hence, only a brief overview of the experimental details
is presented.
The 29 Ne secondary beam, produced by projectile fragmentation of 48 Ca on a 15-mm-thick rotating Be target,
had a typical intensity of ≈1 × 102 particles per second
and a momentum spread (P /P ) of ±0.5%. Each 29 Ne
particle was identified according to the magnetic rigidity
(Bρ), time of flight, and energy loss (E) obtained using
the standard detectors of the fragment separator BigRIPS
[32,33]. The midtarget energies for the 1n-removal reactions
were 244 MeV/nucleon for the Pb target (3.37 g/cm2 ) and
240 MeV/nucleon for the C target (2.54 g/cm2 ). The 28 Ne
residues were identified by their Bρ, time of flight, and
E measured using the ZeroDegree Spectrometer (ZDS) and
associated detectors [32,33]. In addition, the DALI2 NaI array
[34] was installed, surrounding the reaction target, to detect
γ rays emitted from those 28 Ne residues populated in excited
states.
III. DATA ANALYSIS

We discuss first the experimental results and then their
interpretation using comparisons with SM predictions for the
possible 29 Ne ground-state configurations and their corresponding 1n overlaps with the final states of 28 Ne. This section
discusses the experimental results.
A. Cross sections

The measured cross sections for the two targets and the
deduced Coulomb contribution to the cross section for the
lead target are listed in Table I. The third row of data in
Table I shows the inclusive 1n-removal cross sections for
all bound final states of 28 Ne from Pb [σ−1n (Pb)] and C
[σ−1n (C)]. The contribution deduced to arise from electric
dipole (E1) Coulomb dissociation [σ−1n (E1)] is also shown
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TABLE I. Measured 1n-removal cross sections of 29 Ne on Pb
[σ−1n (Pb)] and C [σ−1n (C)] targets and the deduced Coulomb breakup
contribution on Pb [σ−1n (E1)]]. The first three rows list the partial
cross sections for direct feeding of 28 Ne(0+
1 ), the partial cross sections
for all excited states decaying via the 1293-keV γ ray, and the
inclusive 1n-removal cross sections. The percentage of the cross
section that directly feeds 28 Ne(0+
1 ) is also shown.

Reaction
( 29 Ne, 28 Ne(0+
1 ))
( 29 Ne, 28 Ne ∗ )
( 29 Ne, 28 Ne), inclusive
Ground-state fraction

σ−1n (Pb)
(mb)

σ−1n (E1)
(mb)

σ−1n (C)
(mb)

252(45)
127(43)
379(14)
66(12)%

176(50)
46(49)
222(36)
79(26)%

36(7)
38(7)
74(2)
49(9)%

for the Pb target. The latter is obtained by subtracting a nuclear
contribution for the Pb target, estimated by scaling (by a
geometrical factor ) the measured σ−1n (C) value, i.e.,
σ−1n (E1) = σ−1n (Pb) − σ−1n (C).

(1)

The calculated σ−1n (E1) values in Table I use a factor
= 2.13(45), discussed in Refs. [10,11] and [13], which
includes a conservative estimate of the associated uncertainty.
In Sec. IV C 1 we revisit this choice and also show the relative
insensitivity of the present analysis to the details of . There we
use eikonal reaction model calculations of the nuclear breakup
contributions to compute theoretical th values. We note in
advance that using these th values or the above geometrical
estimate [10] does not materially affect the present (or earlier)
results, given the large relative magnitudes of the 1n-removal
cross sections for the Pb and C targets—particularly for
the ground-state transitions involving weakly bound neutron
removal.
To examine the valence neutron configuration of 29 Ne
quantitatively the inclusive cross section σ−1n is resolved into
partial cross sections feeding the 28 Ne(0+
1 ) and bound excited
states ( 28 Ne∗ ) using γ rays measured in coincidence with the
28
Ne residues. Figure 1 shows these Doppler-shift-corrected
γ -ray coincidence spectra for the C and Pb targets. For the
C target, peaks near 936, 1293, and 1536 keV are observed.
The 936- and 1293-keV peaks were observed in Ref. [35],
+
where the latter was attributed to the 2+
1 → 01 transition. The
observation of the 1536(17)-keV line is new to this work.
If this transition is not included in the fit, the width of the
1293-keV peak is too wide (σ ≈ 160 keV) to be explained by
the experimental resolution (σ ≈ 70 keV).
According to the SDPF-M SM calculations, the bound 28 Ne
excited states above the 2+
1 state decay essentially exclusively
via the 2+
state
(>99%),
and
their direct decays to the ground
1
state are thus negligible. For the 1536-keV transition, this
is supported by the observation of a 1536-keV peak when
gating the γ -γ coincidence data set on the 1293-keV peak, as
shown in the inset in Fig. 1(a). The 25(12) counts observed
in this 1536-keV coincidence photopeak is consistent with the
29 counts expected from such a cascade. We find a similar
consistency for the Pb target data set.

FIG. 1. Measured γ -ray energy spectra in coincidence with 28 Ne
residues following 1n removal from 29 Ne on C (a) and Pb (b) targets.
Solid (red) lines show the fits to the spectra based on the simulated
detector response functions [dotted (red) lines] and exponential
backgrounds [dashed (red) lines]. The inset in (a) is discussed in
the text.

The partial cross sections to the excited states of 28 Ne for
the C target are obtained by a fit to the γ -ray spectrum with
response functions, obtained from a Geant4 simulation, plus
an assumed exponentially decreasing background, as shown
in Fig. 1(a). For the Pb target [Fig. 1(b)], the 936-, 1293-,
and 1536-keV transitions are included in the fit to the γ -ray
spectrum, however, we find that the intensity of the 936-keV
peak is consistent with 0. Table I also lists the deduced partial
cross sections for direct feeding of 28 Ne(0+
1 ) for the C and
+
Pb targets, denoted σ−1n (C; 0+
1 ) and σ−1n (Pb; 01 ), obtained by
+
+
subtracting the values for the 21 → 01 transition, in the second
row of data, from the inclusive cross sections. The stated
Coulomb breakup partial cross section feeding the 28 Ne(0+
1 ),
),
is
obtained
from
σ−1n (E1; 0+
1
+
+
σ−1n (E1; 0+
1 ) = σ−1n (Pb; 01 ) − σ−1n (C; 01 ).

B. Momentum distribution of

28

(2)

Ne residues

The inclusive momentum distribution of the 28 Ne residues,
in the 29 Ne rest frame, following 1n removal on the C target
is shown in Fig. 2. The laboratory frame momenta of the
28
Ne were extracted using the time of flight and the difference
in the flight lengths of the trajectories. To translate these to
the 29 Ne rest frame, we also extract the momentum of the
incoming 29 Ne projectile, determined in the same manner as
for the 28 Ne residues. For realistic perpendicular momentum
components, of a few hundreds of MeV/c, the measured 28 Ne
residue momenta and their parallel components agree to a high
precision. Hereafter, we present cross section distributions
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FIG. 2. Measured 28 Ne inclusive longitudinal momentum distribution following neutron removal reactions on the carbon target.
The solid line is a fit to the data, for momenta between ±100 MeV/c,
using a Lorentzian function convoluted with a Gaussian experimental
resolution with σ = 22 MeV/c.

referred to these parallel components. The width of the
distribution is deduced to be 98(12) MeV/c (FWHM) based on
a fit using a Lorentzian lineshape convoluted with a Gaussian
experimental resolution with σ = 22 MeV/c. Such a relatively
narrow momentum distribution is indicative of significant
low- components in the valence neutron wave function in
29
Ne, consistent with the conjecture in Ref. [12] based on the
29
Ne interaction cross section.
IV. THEORETICAL INTERPRETATION

In the following, we present the results of calculations
of the cross sections and momentum distributions of the
reaction residues for the dominant neutron-removal reaction
mechanisms on the C and Pb targets. These are combined with
the results of large-scale SM calculations to enable detailed
comparisons of the experimental data with the theoretical
expectations for further investigation of the ground-state
configuration of 29 Ne.

FIG. 3. Fractions of the 0ω (black circles), 2ω [(red) squares],
and 4ω [(blue) diamonds] configurations in the ground states of
the Ne isotopes, as given by the SDPF-M [15] SM calculations. For
29
Ne, the calculation is for the 3/2+ SM ground state. For the 3/2−
state, which is found here to be the 29 Ne ground state, the (1+3)ω
configuration is dominant (Sec. V).

positive- and the negative-parity intruder levels was predicted
for 29 Ne in the original SM study of the island of inversion by
Warburton, Becker and Brown [4].
The experimentally known levels of 29 Ne shown in Fig. 4
were observed in a recent in-beam γ -ray spectroscopic study
[22], although spin-parity assignments were not made. In the
case of the excited states of 27 Ne, the SDPF-M interaction
has some difficulty predicting the energy of the 7/2− level,
found near 2 MeV in a recent 26 Ne(d, p) reaction study [21].

A. Shell-model calculations

The SDPF-M effective interaction is used for SM calculations in the present study. The calculations allow an arbitrary
number of neutron excitations across the N = 20 shell gap.
The results for the ground-state wave functions of the neutronrich Ne isotopes, and for the low-energy spectra of states of the
odd-N 27,29,31 Ne isotopes, are summarized in Figs. 3 and 4,
respectively. Figure 3 shows the changes in the percentages
of nω components in the ground states with N , showing
the rapid change in the ground-state configurations between
N = 17 and N = 19: from a dominantly 0ω to a dominantly
2ω configuration. Figure 4 shows the energy spectra of
27,29,31
Ne. In the 29 Ne case, we note the near-degeneracy of
the lowest 3/2+ and 3/2− states from the SM calculations and
that low-energy states with spin parities 3/2+ , 3/2− , 7/2− , and
1/2+ are predicted. In the case of the negative-parity states,
1ω and 3ω configurations dominate the wave functions
(Sec. V). Interestingly, a similar competition between the

FIG. 4. Low-lying shell-model states of 27,29,31 Ne with spin
parities 3/2+ , 3/2− , 7/2− , and 1/2+ calculated with the SDPF-M
interaction. The relative positions of the 3/2+ and 3/2− states are
highlighted. The experimental energy level scheme of 27 Ne is based
on Refs. [18–21]. For 29 Ne, the experimental level scheme is based
on Ref. [22]. For 31 Ne, the ground-state spin parity of 3/2− and
separation energy of 0.15+0.16
−0.10 MeV were obtained from an analysis
of Coulomb and nuclear breakup reactions [11]. The experimental
separation energies of 27,29 Ne are taken from Ref. [29].
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That reaction study also confirmed the 3/2− assignment of the
level seen experimentally at 765 keV and predicted at 170 keV.
Thus, the SM calculations provide only guidance, and in the
following we examine the possibility that the 29 Ne ground
state has spin parity 3/2+ , 3/2− , 7/2− , or 1/2+ .

TABLE II. Summary of the calculated 1n-removal cross sections
th
) for the different assumed spin parities of 29 Neg.s. ,
of 29 Ne on C (σ−1n
collected from Tables VI and VII. The cross section for the 28 Ne
ground state, the summed cross sections to all bound excited states,
and the fractional (percentage) contributions of the ground-state (g.s.)
transition are listed. Measured values are also included.
29

B. Carbon target analysis
1. Cross sections

In the case of the carbon target, the eikonal model theoretical description of the strong-interaction-dominated nucleonremoval reaction dynamics uses the sudden (fast-collision) and
eikonal (forward-scattering) approximations. This has been
presented and discussed in detail elsewhere (e.g., Refs. [26]
and [36], and references therein). The model assumes that for
the fast, surface-grazing interactions of the mass A projectile
with the target, which dominate the single-nucleon-removal
channel, the state α of the mass A − 1 reaction residue is a
spectator. Thus, the yield of residues in a particular final state α
reflects the component of this configuration in the ground-state
wave function of the projectile. The ratio of observed inelastic
cross sections of (deformed) nuclei with A ≈ 30 and collisions
at ≈240 MeV/nucleon, of order 10 mb [37], to the cross
section for elastic scattering of the residues, of typically 1
b, suggests that spectator-core model uncertainties of partial
cross sections and momentum distributions enter at the 1%
level.
The partial cross section for removal of a nucleon from
a given ground-state configuration J π and population of a
residue final state α with excitation energy Eα∗ , is calculated as


A Nosc 2
th
σ−1n (α) =
C S(α,J π ) σsp (J,Sα∗ ),
(3)
A−1
where Sα∗ = Sn + Eα∗ is the effective separation energy for
the final state α and Sn is the ground state–to–ground state
nucleon separation energy. Here Nosc , in the A-dependent
center-of-mass correction factor, which multiplies the SM
spectroscopic factors C 2 S(α,J π ), is the number of oscillator quanta associated with the major shell of the removed particle [38]. The single-particle cross section σsp is
the sum of the elastic and inelastic breakup contributions
to the reaction [36], σsp = σspinel + σspelas , calculated assuming
that the removed nucleon’s single-particle wave function (or
overlap) is normalized to 1. The theoretical inclusive nucleonth
removal cross sections, σ−1n
, are computed as the sum of these
th
partial cross sections σ−1n (α) for all bound SM final states of
the mass A − 1 residue.
The reaction model inputs use the systematic approach
detailed in Sec. III of Ref. [41]. The geometries of the complex
optical potentials of the neutron and the residue with the 12 C
target and of the real potentials that bind the removed neutrons
are deduced from the density of 28 Ne and the root mean
squared (rms) radii of the active neutron orbitals, respectively,
both given by spherical Hartree-Fock calculations. A Gaussian
12
C target density with an rms radius of 2.32 fm, consistent
with the measured charge radius, and a zero-range effective
two-nucleon interaction were assumed. Our 28 Ne target S
matrix calculates a reaction cross section of 1250 mb, within

Ne: J π

3/2+

3/2−

7/2−

1/2+

Expt.

13.25
49.82
63.07
21%

31.60
37.41
69.01
46%

15.87
32.24
48.11
33%

2.71
52.41
55.13
5%

36(7)
38(7)
74(2)
49(9)%

th
σ−1n
(mb)

Ne(0+
1)
Ne∗
Inclusive
g.s. fraction
28
28

2% of the measured interaction cross-section value (at 240
MeV/nucleon) of Takechi et al. [12]. The Woods-Saxon
neutron binding potentials have a fixed diffuseness (0.7 fm) and
spin-orbit strength (6 MeV). The deduced radius parameters of
the potentials, r0 , were 1.250 fm for the 2s1/2 , 2p3/2 , and 1f7/2
neutron orbitals and 1.243 fm for the 1d3/2 and 1d5/2 orbitals.
The depth of each binding potential was adjusted to reproduce
the physical separation energy of the removal reaction to the
final state of interest, i.e., Sα∗ in Eq. (3).
The cross sections have been calculated assuming the
29
Ne(J π ) ground state to be described by the lowest-lying
SDPF-M SM wave functions with spin parities 3/2+ , 3/2− ,
7/2− , and 1/2+ . The bound SDPF-M 28 Ne(Jfπ ) final states
up to the neutron threshold and their spectroscopic factors,
from the  28 Ne(Jfπ )| 29 Ne(J π ) single-particle overlaps, are
listed in Tables VI (3/2+ and 3/2− 29 Ne cases) and VII (7/2−
th
and 1/2+ 29 Ne cases). The tables list both the σ−1n
(α) and
the σsp (α) of Eq. (3) for each contributing transition. To aid
comparison, this extensive set of results is summarized in
Table II, which lists the cross sections to the 28 Ne ground
state, the summed cross sections to all bound excited states,
and the fractional (percentage) contribution of the ground-state
transition. The corresponding experimental values are also
listed. We can conclude that, for the C target data, only the
TABLE III. Summary of the calculated 1n-removal cross sections
29
th
Ne on C (σ−1n
) for the different assumed spin parities of
29
Neg.s. , taken from Tables VI and VII. Cross sections and percentage
contributions (to the inclusive cross section to all bound states of
28
Ne) arising from low- (s1/2 and p3/2 ) and high- (d3/2 , d5/2 , and
f7/2 ) neutron removal are listed.
of

29

th
σ−1n
(mb)
s
p
d
f
s + p:d + f

014613-5

Ne: J π

3/2+

3/2−

7/2−

1/2+

5.35
10.92
21.36
25.4 4
26%:74%

1.17
43.36
5.38
19.10
65%:35%

0.76
6.67
15.30
25.38
15%:85%

6.07
15.63
18.26
15.16
39%:61%
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TABLE IV. Summary of the calculated Coulomb dissociation
cross sections of 29 Ne on Pb [σ−1n (E1)] for the different assumed
spin parities of 29 Ne. Calculations include all 28 Ne final states
in Tables VI and VII with the SM spectroscopic factors listed
there. The 28 Ne(0+ ) ground-state (g.s.) cross section, the sum of
the cross sections for all 28 Ne∗ excited states, and their sum, the
inclusive cross section for all 28 Ne bound SM final states, are listed.
Calculations were carried out to an upper limit on the continuum
energy integrals of 10 MeV. In each case, the calculated percentage
contribution of the g.s. transition to the inclusive cross section is
listed. The experimental (expt.) results in Table I are also listed.
29

σ−1n (E1) (mb)
28
Ne(0+
1)
28
Ne∗
Inclusive
g.s. fraction

Ne: J π

3/2+

3/2−

7/2−

1/2+

Expt.

48.0
92.4
140.3
34%

169.6
67.0
236.6
72%

29.1
58.3
87.4
33%

19.0
107.1
126.0
15%

176(50)
46(49)
222(36)
79(26)%

3/2− , SDPF-M 29 Ne ground-state wave function is consistent
with the measured cross sections, in particular, with regard to
the absolute and fractional strength of the ground state–to–
ground state transition, but also with regard to the absolute
inclusive cross section.
2. Theoretical analysis of the

28

Ne momentum distribution

The calculated momentum distributions of the 28 Ne reaction residues, for the different assumed spin parities of 29 Neg.s. ,
and the partial cross sections and 28 Ne final-state energies
from Tables VI and VII are shown in Fig. 5. The momentum
distribution calculations use the same neutron bound-state
and neutron- and 28 Ne-carbon optical potentials (S-matrix)
information as used in the cross-section calculations.
For each assumed spin parity of the 29 Ne(J π ) ground state,
the sums of contributions to the momentum distributions from
neutron removals with j values s1/2 , p3/2 , d3/2 (plus d5/2 ), and
f7/2 , as summarized in Table III, and the final-state-inclusive
momentum distributions, their sum, are shown. We note that
only the calculations for the 29 Ne(3/2− ) wave function reproduce the magnitude and the width of the measured inclusive
TABLE V. Deduced Coulomb dissociation cross sections of 29 Ne
on Pb [σ−1n (E1)] when using the constant, geometrical = 2.13(45)
value (as used in Table I) and when using the th values from
the eikonal model nuclear cross-section calculations (see text). The
theoretical (theor.) cross sections, from Table IV, for the 3/2− SM
wave function are listed for comparison.

σ−1n (E1) (mb)
28
Ne(0+
1)
28
Ne∗
Inclusive
Ground-state fraction

Theor. 3/2−

Expt.

169.6
67.0
236.6
72%

153(50)
54(45)
208(15)
74(25)%

th

Expt.
176(50)
46(49)
222(36)
79(26)%

FIG. 5. Measured inclusive momentum distribution of 28 Ne
residues after reactions on the carbon target are compared with
absolute theoretical calculations based on the 29 Ne(J π ) SM states
with (a) J π = 3/2+ , (b) J π = 3/2− , (c) J π = 7/2− , and (d)
J π = 1/2+ . The summed contributions to the calculated inclusive
momentum distributions from neutron removal (overlap) components
with each  value are also shown (see legend).

momentum distribution. As mentioned in Sec. III B, the width
of the measured 28 Ne inclusive momentum distribution is
narrow, 98(12) MeV/c (FWHM). We note that the calculations
indicate that this narrow width is primarily a result of the
significant p-wave component, as shown in Fig. 5(b).
To understand the widths generated by the different
29
Ne(J π ) SM wave functions and overlaps we note that the
minimum FWHM intrinsic widths of the distributions for
removal of a neutron with  = 0, 1, 2, and 3 (i.e., those
calculated using the ground state–to–ground state separation
energy of 0.96 MeV) are 51.5, 84.8, 175.2, and 281.7 MeV/c,
respectively. The agreement of the observed FWHM width of
98(12) MeV/c with the wave function with a dominant p-wave
component is thus clear.
In contrast to the 3/2− case, the 3/2+ , 7/2− , and 1/2+
calculations are dominated by  = 2 and 3 contributions,
resulting in momentum distributions wider than that measured,
as shown in Figs. 5(a), 5(c), and 5(d).
C. Lead target analysis
1. Cross sections

For the Pb target, similarly to the C target case, Coulomb
breakup cross sections have been calculated assuming the
29
Ne(J π ) ground state to be described by the lowest-lying
SDPF-M SM wave functions, with spin parities 3/2+ , 3/2− ,
7/2− , and 1/2+ . Calculations for each bound 28 Ne(Jfπ )
final state (in Tables VI and VII) were performed using the
virtual photon spectrum approach [39]. These E1 dissociation
cross sections, which involve an integral over energy of the
product of the 29 Ne∗ dB(E1)/dE distributions with the virtual
photon spectrum of the heavy target, are computed to an
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TABLE VI. Calculated 1n-removal reaction partial and inclusive cross sections assuming the 3/2+ and 3/2− SDPF-M SM states for 29 Ne.
The 1n-removal partial cross sections to all bound 28 Ne SM final states below the neutron threshold of 4.18 MeV are listed. The final theoretical
th
, include the center-of-mass correction factor [A/(A − 1)]Nosc to the SM spectroscopic factors. Errors in the ratio of cross
cross sections, σ−1n
exp
th
, reflect only the errors quoted in the measurements.
sections, Rs = σ−1n /σ−1n
Reaction
C[ 29 Ne(3/2+ ), 28 Ne(Jf π )]
Sn ( 29 Ne) = 0.96 MeV

Ex (MeV)

Jfπ

0.00
1.36

0+
1
2+
1

2.21
2.76
2.99

3.57
3.69
3.90
3.98
3.99
C[ 29 Ne(3/2− ), 28 Ne(Jf π )]
Sn ( 29 Ne) = 0.96 MeV

0.00
1.36
2.21
2.76
2.99
3.57
3.69
3.98
3.99

nj

1d3/2
2s1/2
1d3/2
1d5/2
1d3/2
0+
2
1d5/2
4+
1
2s1/2
2+
2
1d3/2
1d5/2
2p3/2
2−
1
1f7/2
2−
1
2p3/2
3−
1
1f7/2
3−
1
1f7/2
5−
1
2s1/2
2+
3
1d5/2
1d5/2
4+
2
Inclusive
0+
2p3/2
1
2+
2p3/2
1
1f7/2
2p
0+
3/2
2
1f7/2
4+
1
2p3/2
2+
2
1f7/2
2s1/2
2−
1
1d3/2
1d3/2
3−
1
1d5/2
2p
2+
3/2
3
1f7/2
1f7/2
4+
2
Inclusive

upper energy limit Emax . The dB(E1)/dE distributions are
calculated using the same n- 28 Ne potentials and geometries as
used for the C target analysis. The Coulomb breakup integrals,
over the dissociated n- 28 Ne(Jfπ ) relative energies, are found
to be reasonably converged when Emax is chosen to include
breakup configurations up to 10 MeV above the 29 Ne breakup
threshold. That is, Emax = Sn∗ + 10 MeV, where Sn∗ is the
neutron separation energy from the 29 Ne ground state to the
28
Ne final state of interest.
The results of these calculations are summarized in
Table IV, which, like Table II, lists the cross sections for the
28
Ne ground state, the summed cross sections for all bound
excited states, and the fractional (percentage) contribution of
the ground-state transition. The corresponding experimental
values from Table I are also listed. The dominant contributions
to these E1 cross sections, and the dB(E1)/dE strength,
arise from breakup energies Emax  Sn∗ + 6 MeV, with smaller
higher-energy contributions from transitions to the more

exp

σsp (mb)

C2S

th
σ−1n
(C) (mb)

σ−1n (C) (mb)

29.47
45.28
22.67
25.72
20.19
21.51
32.90
18.48
20.98
32.80
18.91
32.36
18.77
18.52
28.59
19.07
19.05

0.419
0.080
0.138
0.006
0.139
0.006
0.039
0.060
0.002
0.045
0.402
0.258
0.233
0.590
0.003
0.009
0.001

36(7)

64.93
45.45
22.33
39.26
19.97
35.19
19.65
30.20
17.45
17.25
19.58
31.35
18.43
18.42

0.438
0.072
0.167
0.005
0.417
0.066
0.015
0.036
0.035
0.236
0.017
0.153
0.005
0.258

13.25
3.89
3.36
0.17
3.01
0.14
1.38
1.19
0.05
1.64
8.45
9.28
4.86
12.14
0.09
0.18
0.02
63.07
31.60
3.64
4.14
0.22
9.25
2.58
0.33
1.17
0.66
4.37
0.36
5.33
0.10
5.28
69.01

Rs

74(2)
36(7)

1.17(3)

74(2)

1.07(3)

excited final states and/or involving orbitals with larger . For
example, if restricted to Emax = Sn∗ + 6 MeV, the inclusive
cross sections (% ground-state contribution) are 103.3 mb
(37%), 211.5 mb (78%), 56.5 mb (26%), and 98.8 mb (19%)
for the 3/2+ , 3/2− , 7/2− , and 1/2+ states, respectively,
consistent with Table IV. The results show that, as for the
C target data, only the calculations based on the 3/2− ,
SDPF-M 29 Ne ground-state wave function are consistent
with the measured cross sections. Specifically, the absolute
and fractional strengths of the ground state–to–ground state
transition and the absolute inclusive E1 cross section are
consistent only with the 29 Ne(3/2− ) wave function.
2.  factor analysis

In Sec. IV C 1 the calculated Coulomb dissociation cross
sections for the Pb target were compared with experimental
values deduced using the often-used, geometrical factor of
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TABLE VII. Calculated 1n-removal reaction partial and inclusive cross sections assuming the 7/2− and 1/2+ SDPF-M SM states for
Ne. The 1n-removal partial cross sections for all bound 28 Ne SM final states below the neutron threshold of 4.18 MeV are listed. The final
th
, include the center-of-mass correction factor [A/(A − 1)]Nosc to the SM spectroscopic factors. Errors in the ratio
theoretical cross sections, σ−1n
exp
th
, reflect only the errors quoted in the measurements.
of cross sections, Rs = σ−1n /σ−1n
29

Reaction
C[ Ne(7/2− ),
Sn ( 29 Ne) = 0.96 MeV
29

28

Ne(Jfπ )]

Ex (MeV)

Jfπ

0.00
1.36

0+
1
2+
1

2.21
2.76
2.99
3.57
3.69
3.90
3.98
3.99
C[ 29 Ne(1/2+ ), 28 Ne(Jfπ )]
Sn ( 29 Ne) = 0.96 MeV

0.00
1.36
2.21
2.99
3.57
3.69

nj

1f7/2
2p3/2
1f7/2
1f7/2
0+
2
2p3/2
4+
1
1f7/2
2p3/2
2+
2
1f7/2
1d3/2
2−
1
1d5/2
2s1/2
3−
1
1d3/2
1d3/2
5−
1
1f
2+
7/2
3
2p3/2
4+
2
1f7/2
Inclusive
0+
2s1/2
1
2+
1d3/2
1
1d5/2
2s1/2
0+
2
1d
2+
3/2
2
2p3/2
2−
1
1f7/2
3−
1
Inclusive

2.13(45) in Eq. (1). As stated earlier, a significant uncertainty
is already included in this value. Recently, and with particular
relevance to weakly bound projectiles, Yoshida et al. [40]
showed, based on model calculations, that values deduced
from theoretical cross sections have a residual dependence on
the separation energy and the orbital angular momentum of
the removed neutron.
To estimate the significance of such an uncertainty in
the nuclear contribution to the lead target cross section in
the present work, we use the eikonal model, as discussed
for the C target calculations in Sec. IV B 1, to calculate the
nuclear breakup contributions for Pb. Hence, we compute
theoretical th values for each of the transitions in Tables VI
th
th
and VII. We define th (α) = σ−1n
(α,Pb)/σ−1n
(α,C). The nuclear 1n-removal calculations for Pb include the Coulomb
interaction only through the introduction of the small Coulomb
deflection correction to the center-of-mass impact parameter
of the projectile, bp , with wave-number kp and Sommerfeld
parameter η. That is, in the eikonal model integral over all
impact parameters of the projectile, we make the replacement

exp

σsp (mb)

C2S

th
σ−1n
(C) (mb)

σ−1n (C) (mb)

25.78
45.45
22.33
20.80
36.27
19.97
35.19
19.65
17.45
19.80
29.70
17.25
16.92
18.43
31.32
18.42

0.554
0.033
0.017
0.052
0.039
0.061
0.046
0.059
0.229
0.005
0.024
0.151
0.447
0.150
0.047
0.106

36(7)

72.27
22.67
25.72
37.66
18.48
32.80
18.77

0.035
0.642
0.002
0.083
0.131
0.429
0.727

15.87
1.67
0.42
1.20
1.57
1.35
1.80
1.29
4.29
0.11
0.76
2.79
8.12
3.07
1.64
2.17
48.11
2.71
15.61
0.06
3.35
2.60
15.63
15.16
55.13

Rs

74(2)
36(7)

1.54(4)

74(2)

1.32(4)

We quantify the expected (in)sensitivity of the Pb target
data analysis to using, instead, these th . We summarize
the results of this analysis only for the 29 Ne(3/2− ) case,
since the other SM J π possibilities are now excluded by the
cross-section and momentum distribution data on the carbon
target, as well as the Coulomb dissociation calculations listed
in Table IV. For the 3/2− case, the computed th for the
ground-state transition is th [ 28 Ne(0+ )] = 2.77, while the
partial cross-section-weighted average of the th (α) for all
bound excited states (with their higher effective separation
energies) is th ( 28 Ne∗ ) = 1.90. In Table V we compare the
re-evaluated empirical σ−1n (E1) when using the theoretical
th (“Expt. th ”) with the earlier cross sections from Table I
(“Expt. ”), together with the theoretical E1 cross sections for
29
Ne(3/2− ) from Table IV. We can conclude that changes in
the nuclear contribution to the Pb target cross-section data
caused by variations of the value of
within theoretical
expectations do not affect the conclusions of this work
regarding the 29 Ne(3/2− ) spin and parity assignment.




kp bp → η + η2 + kp2 bp2 ,

D. Spectroscopic factors

which introduces small shifts to the values of the impact
parameters at which the residue- and the neutron-target Smatrices are computed.

Tables II and IV show that the data on the C and
Pb targets are consistent with calculations of the nuclear
and Coulomb neutron-removal mechanisms, assuming the
29
Ne(3/2− ) SDPF-M ground-state wave function. Since, for
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FIG. 6. C 2 S deduced from the ratios of the measured and
calculated 28 Ne ground-state partial cross sections on the C target
(blue hatched areas) and Coulomb breakup (red hatched areas) on
the Pb target as a function of the assumed Sn and J π of 29 Ne. The
green hatched area shows the value and 1σ error on the empirical
Sn . Calculations are shown for (a) 3/2+ , 28 Ne(0+
1 ) ⊗ 1d3/2 ; (b)
− 28
+
Ne(0+
3/2− , 28 Ne(0+
1 ) ⊗ 2p3/2 ; (c) 7/2 ,
1 ) ⊗ 1f7/2 ; and (d) 1/2 ,
29
28
Ne(0+
)
⊗
2s
Ne
ground-state
configurations.
The
filled
black
1/2
1
circle in each panel shows the theoretical 29 Ne ground state–to–
28
Ne ground state SM spectroscopic factor, [A/(A − 1)]Nosc C 2 S, for
each J π .

FIG. 7. Neutron single-particle levels in a deformed WoodsSaxon well as a function of the quadrupole deformation parameter
β. The depth, diffuseness, and radius of the potential (for A = 28)
are −41.0 MeV, 0.67 fm, and 3.856 fm, respectively. Positiveand negative-parity levels are plotted as solid and dashed curves,
respectively. The asymptotic quantum numbers [N nz λ] are also
shown.

extracted spectroscopic factor is C 2 S(0+
1 ; 2p3/2 ) = 0.51(9),
to be compared with the effective SM spectroscopic factor,
(29/28)3 C 2 S(SDPF−M) = 0.49.
V. DISCUSSION

29

Ne, Sn is rather well determined [29], we can also extract
empirical values for the ground-state C 2 S based on the
single-particle cross sections of the model calculations on the
C and Pb targets.
Figure 6 shows, as a function of the assumed Sn and J π
of 29 Ne, the two independent C 2 S values, and their uncertainties, deduced from the ground-state cross-section ratios,
+
σ−1n (C; 0+
1 )/σsp (C; nj ) and σ−1n (E1; 01 )/σsp (E1; nj ), for
the two targets. The blue (red) hatched regions show these
C 2 S for the C target (Pb target, Coulomb breakup) data
+
analysis. The σ−1n (C; 0+
1 ) and σ−1n (E1; 01 ) values used are
those from Table I. In addition, the green hatched area shows
the value and 1σ error of the empirical Sn . So the C 2 S may
be evaluated by the overlap of these three hatched areas,
which can then be compared with the SM C 2 S value. The
solid lines in Figs. 6(a), 6(b), and 6(d) show the 1σ limit
(68% confidence level) on the overlap of the deduced C 2 S
from these two cross-section ratios only. The filled black
circle in each panel shows the theoretical 29 Ne(J π )-to- 28 Ne
ground-state spectroscopic factor, [A/(A − 1)]Nosc C 2 S, from
the SM calculation. We see that only the 29 Ne(J π = 3/2− )
ground-state spin-parity assignment is consistent with the
measured data sets, Sn , and the SDPF-M large-scale SM
calculations.
From Fig. 6(b) we deduce an empirical 3/2− ground-state
spectroscopic factor of C 2 S(0+
1 ; 2p3/2 ) = 0.54(9). If, instead,
we take the Coulomb dissociation cross sections as deduced
from the theoretical th (“Expt. th ” in Table V), then the

A parity inversion is now known to take place between the
ground state of 27 Ne(3/2+ ) and that of 31 Ne(3/2− ), spanning
the edge of the island of inversion at Z = 10. This level
inversion is reproduced by large-scale SM calculations and
the SDPF-M effective interaction. In 29 Ne, the lowest 3/2+
and 3/2− SM configurations are separated by only 73 keV.
The present work shows that a 3/2− 29 Ne ground-state spin
assignment is consistent with the measured data sets, the
known Sn , and the SDPF-M large-scale SM calculations and
that the parity inversion actually occurs upon going between
27
Ne and 29 Ne. In particular, the importance of the p-wave
29
π
neutron contribution to the  28 Ne(0+
1 )| Neg.s. (J ) overlap in
reproducing the measured data is indicative of the breakdown
of conventional shell ordering (of the naive spherical SM) and
of the presence of deformation in 29 Ne.
The dominant SM configuration and deformation of 29 Ne
can be understood by reference to the Nilsson diagram in
Fig. 7. The 3/2−
1 SM state is composed of 1ω (32.4%),
3ω (66.6%), and 5ω (1.0%) configurations. The dominant
3ω configuration refers to a 3p-4h configuration in 29 Ne,
where np-mh stands for n fp-shell particles and m sd-shell
hole components [ν(sd)−4 (fp)3 ]. In terms of the Nilsson
diagram, this configuration corresponds to the [3213/2] orbital
at large quadrupole deformations, 0.58 < β < 0.80. This state
is also mixed with 1p − 2h [ν(sd)−2 (fp)1 ] configurations,
specifically, with the moderately deformed [3301/2] configuration with 0.27 < β < 0.41. Regardless of the details of such
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configuration mixing, these large deformations are consistent
with 29 Ne lying within the island of inversion. We note
also that neutron removal from the 3ω (66.6%), J π = 3/2−
configuration is expected to overlap strongly with, and is
consistent with, the dominant (≈62%) 2ω 28 Ne ground-state
component (Fig. 3). In both the shell and the Nilsson models,
the mechanism driving deformation in 29 Ne can be linked to
the Jahn-Teller effect, whereby the near-degeneracy of the
ν1f7/2 and ν2p3/2 orbitals results in the disappearance of
magicity at N = 28, as discussed in Refs. [5–7,10,11,13].
The results measured here support the view that the fpshell degeneracy, and associated Jahn-Teller effect, plays a
significant role throughout the island of inversion.

with reaction calculations combined with SM spectroscopic
information. As such, a 3/2− spin-parity assignment has been
made for the 29 Ne ground state. This indicates that 29 Ne
lies within the (N ≈ 20) island of inversion and is dominated
by a 28 Ne(0+
1 ) ⊗ 2p3/2 neutron configuration. Taken together
with the enhanced total interaction cross section of 29 Ne with
respect to 28 Ne [12] and the moderate single-neutron binding,
29
Ne may exhibit a somewhat extended halo-like valence
neutron spatial distribution. The systematics of the present
and earlier data on the neutron-rich Ne isotopes strongly
suggest that the degeneracy of the fp shells and the Jahn-Teller
effect play a crucial role in the formation of the island of
inversion.

VI. CONCLUSIONS
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