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Abstract
Cluster structures in 19 Ne are studied by the microscopic and
macroscopic cluster models. In the microscopic calculation, the
coupled-channels problem of (α+15 O) + (3 He+16 O) are solved, and
the calculated energy spectra nicely reproduce the low-lying levels. In
the macroscopic approach, the α + 15 O potential model is applied.
The calculation of the potential model predicts the existence of the
resonances above the α threshold, which has a weak-coupling structure of the α particle plus one hole inside of the 16 O nucleus. The
coupling eﬀect of the 5p–2h conﬁguration to 19 Ne is brieﬂy discussed.

1

Introduction

The α cluster structures have been extensively studied for the so-called 4N
nuclei with N = Z, such as 8 Be = 2α, 12 C = 3α, 16 O = α + 12 C, and 20 Ne
= α + 16 O [1]. In current studies, the importance of the cluster degrees
of freedom has been extended to the neutron-rich (N > Z) systems, which
are obtained by adding extra neutrons to the 4N cluster systems. In the
neutron-rich systems, various chemical-bonding-like structures are generated
by the coupling of the cluster relative motion and the single particle motion
of extra neutrons [2–4].
On the contrary, cluster structures in the 4N systems with a hole in a
cluster core, are also interesting research subjects [5, 6]. Pioneering work
of the hole system is the study of the 19 F nucleus [5, 6]. In the α + 15 N
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system, a proton hole inside of the 16 O core weakly couples to the relative
motion of the binary cluster cores. The weak coupling state of the hole in
16 O and the α particle is also expected in the neutron-deﬁcient system, α
+ 15 O in 19 Ne [5, 6]. However, detailed analysis of the energy levels over a
wide energy region, which covers the unbound continuum states, have not
been undertaken.
Recently, we have applied the potential model to the α + 15 O system [7]
and predicted the existence of the resonances above the α threshold and
the excitation function of the α resonant scattering. The potential model
is useful to understand the resonant states, in which the α clustering is
well developed. However, the microscopic cluster model on the basis of the
nucleon degrees of freedom is very important in analyzing the energy levels
from the low-lying states to the highly-excited states in a uniﬁed manner.
In the present report, we apply the microscopic cluster model of (3 He+15 O)
+ (α+16 O) and mainly analyze the low-lying states in 19 Ne.
There is another reason why we focus on the α + 15 O structure in the
19 Ne nucleus. The 15 O(α,γ)19 Ne reaction is known to play a crucial role
in the advanced stages of astrophysical hydrogen burning [8]. The most
crucial resonance is known to arise through the 3/2+ resonance level at 504
keV with respect to the α + 15 O threshold (Ex = 4.03 MeV). The analyses
in Ref. [9] have pointed out that the intrinsic structure of the resonance
at 504 keV in 19 Ne is the ﬁve particle–two hole (5p–2h) conﬁguration with
the 14 Og.s. core. The 5p–2h conﬁguration has a large overlap with the shell
model limit of the 5 He + 14 O conﬁguration. Thus, the coupling eﬀect of
5 He + 14 O on the J π = 3/2+ is also discussed.

2

Framework

We apply the generalized two-center cluster model (GTCM) for the calculations of the low-lying levels. The GTCM is the extended model of the
microscopic cluster model on the basis of the generator coordinate method
(GCM) [10]. The application of GTCM to Be isotopes has already been
published in Ref. [2], and we brieﬂy explain the formulation of GTCM in
the 19 Ne nucleus. The basis function for 19 Ne is given by
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The basis function is constructed on the basis of the
+
cores, and
the two neutrons are treated as the active valence-nucleons. The ψ(3 He)
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and ψ(14 O) represent the core wave functions of the 3 He and 14 O nuclei,
respectively. The former part is described by the (0s)3 conﬁguration in the
harmonic oscillator (HO) potential, while the latter part is constructed by
the (0s)4 (0p)10 conﬁguration. Two core nuclei are placed with the relative
distance parameter S. The single-particle wave function for the jth valence
neutrons (j = 1, 2) localized around the 3 He or 14 O cluster is given by an
atomic orbital (AO) ϕ (mj ), which is classiﬁed by a set of the AO quanta
mj = (k, C, τ ) with the labels of the Brink orbitals k, the core C, and the
neutron spin τ (= ↑ or ↓). The Brink orbitals around the core C ( C = 3 He
or 14 O) are k = 0s for C = 3 He and k = 0p for C = 14 O. The basis functions
with the full anti-symmetrization A are projected to the eigenstate of the
total spin J, its intrinsic angular projection K, and the total parity π by
Jπ .
the projection operator P̂K
In the present calculation, we solve the coupled-channels problem of
3
( He+16 O) + (α+15 O) at a ﬁxed S and calculate the adiabatic energy curves,
which are the sequence of the energy eigenvalues as a function of the distance parameter S [2]. We search the energy minimum in the energy curves
calculated for the individual spin-parity states. The distance parameter S
is the variational parameter, which is called the generator coordinate [10].
The superposition of S is possible but we ﬁx S to the minimum point in
evaluating the energy levels. As for the nucleon-nucleon (NN) interaction,
we use the Volkov No.2 [11] and the G3RS [12] for the central and spin-orbit
parts, respectively. The parameters in the NN interactions and the size parameter of HO are tuned to reproduce the 3 He and 4 He decay thresholds in
19 Ne as much as possible.
The macroscopic potential model is also applied to calculate the unbound
resonant states [7]. The Woods Saxon (WS) potential is assumed for the nuclear potential in α + 15 O, and its parameter set is ﬁxed so as to reproduce
the angular distribution of the α + 15 N elastic scattering. The resonant levels are calculated from the α + 15 N potential by adding the Coulomb force.
Above the α decay threshold, the absorbing boundary condition (ABC) [13]
is applied to identify the resonant levels. The detailed explanations of the
potential model plus ABC is shown in Ref. [7].

3

Results

In Fig. 1, the calculated spectra (middle and right levels) are compared with
the experimental data (left levels). The results of the negative parity states
are shown in this ﬁgure. The middle levels is obtained by the microscopic
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model of (3 He+16 O) + (α+15 O), while the right levels is the result of the
potential model. The microscopic calculation reproduces the level ordering
of the low-lying bound spectra in the experiment although the level spacing
of the theoretical calculation is a little diﬀerent from the experimental levels.

Figure 1: Energy levels of the negative parity states in the 19 Ne nucleus. The left
levels are the experimental data, while the middle and right levels are the results of
the microscopic and macroscopic models, respectively. The dotted line represents
the α threshold energy, which is set to the zero energy.

In the potential model calculation, the low-lying bound levels are nicely
reproduced. Furthermore, the potential model under the absorbing boundary condition predicts the resonant levels above the α threshold. Unfortunately, the experimental information is still insuﬃcient in the unbound
region. Thus, the experimental investigation of the highly-excited states are
strongly desired.
The result of the positive parity states are shown in Fig. 2. The microscopic calculation with (3 He+16 O) + (α+15 O) is shown at the center, while
the experimental levels and the result of the potential model are plotted
at the left and right positions, respectively. The relative wave function of
the α+15 O cluster conﬁguration in the microscopic calculation (middle levels) corresponds to the HO states with the total oscillator quantum of N =
7, while the resonant levels obtained by the potential model (right levels)
belong to the one higher nodal state, N = 9. The microscopic calculation
reproduces the level ordering of the experiment in the bound region. The
macroscopic calculation predicts the existence of the resonant states with
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the higher spins of J π ≥11/2+ and hence, the experimental investigation of
these resonances is interesting.
Both the microscopic and macroscopic calculations do not reproduce the
J π = 3/2+ state existing around the α threshold. This failure is the same
as the results of the previous coupled-channel OCM calculation in 19 F =
(3 H+16 O) + (α+15 N) [5]. In order to improve the calculation for the 3/2+
state, we have performed the extended microscopic calculation, which is the
coupled-channels of (3 He+16 O) + (α+16 O) + (5 He+14 O), to include the
5p-2h conﬁguration, which is the shell model limit (S = 0) of 5 He + 14 O.

Figure 2: Same as Fig. 1 except for the positive parity states in

19

Ne.

A new levels with a dominant component of 5 He + 14 O appear in this
extended calculation. However, the energy of this 5 He+14 O is higher by
about 10 MeV than the experimental 3/2+ state around the α threshold.
This is because the theoretical threshold energy of the 5 He + 14 O channel is
also higher by about 10 MeV than the experimental threshold. Therefore,
there is a possibility that a new 3/2+ state appear around the α threshold
if the theoretical 5 He threshold is reproduced correctly. The reproduction
of the 5 He threshold is important in the future calculation.

4

Summary and discussion

In sum, we have applied the microscopic and macroscopic cluster models to
the level analysis of the 19 Ne nucleus. The microscopic model is successful
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in reproducing the low-lying bound spectra, while the macroscopic model
predicts the existence of the several resonant states in continuum region.
The experimental identiﬁcation of the predicted levels is interesting in future
studies.
The present calculations do not reproduce the 3/2+ state, which is important in the astrophysical phenomena. The extended microscopic calculation suggests the formation of a new 3/2+ state, which corresponds to
the 5 He+14 O conﬁguration, but its excitation energy is much higher than
the experimental energy. Since the failure of the 3/2+ energy is due to the
incorrect reproduction of the theoretical 5 He threshold, the parameters of
the NN interaction must be revised to reproduce the 5 He threshold. The
improved calculations is now underway.
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