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Abstract
We present an experimental study of 19 Na states in the excitation energy range between 2 and 3 MeV. The presence of 19 Na single-particle levels at these energies was
first predicted by a microscopic cluster model and then experimentally confirmed
by measuring the elastic and inelastic scattering of a 66 MeV 18 Ne radioactive beam
on a (CH2 )n target. The H(18 Ne,p)18 Ne(g.s.) and H(18 Ne,p’)18 Ne*(2+ , 1.887 MeV)
cross sections have been obtained in the laboratory angular range θlab = 6.1◦ −18.4◦
and analyzed by using the R-matrix method. Two new states in 19 Na have been
observed at centre of mass energies Ec.m. = 2.78 ± 0.01 MeV and 3.09 ± 0.05 MeV.
Both resonances exhibit large widths in the 18 Ne(2+ )+p channel, and low branching
ratios into the elastic channel. The reduced proton widths confirm the single-particle
nature of these states, with a 18 Ne(2+ )+p structure.
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Introduction

The existence of single-particle states [1] is well established in many stable
nuclei. A single-particle state can be considered as an inert core (usually in
its ground state) surrounded by a valence nucleon. The main characteristic of
such a state is a large reduced width, close to the Wigner limit. The concept
of single particle states can be extended in two directions: to nuclei near or
beyond the drip lines, and to specific states where the core nucleus is in an
excited state.
The aim of the present letter is to investigate the 19 Na spectrum above 2
MeV by inverse elastic and inelastic scattering of a 18 Ne radioactive beam on
a proton target. In a previous experiment [2], we considered the low-energy
region and found evidence for a new 1/2+ level (ℓ = 0) at Ec.m. = 1.06 MeV.
This state is characterized by a strong Coulomb shift, consistent with a large
reduced width. Its interpretation as a 18 Ne(0+ )+p single-particle state was
confirmed in subsequent experiments [3,4].
In this work, we have investigated simultaneously the 18 Ne+p elastic and
inelastic scattering, to search for mirror states of 19 O. The mirror 19 O nucleus
is stable against neutron decay (τ1/2 = 27 s) and has been studied in various
experiments and theoretical models (see for example Refs. [5,6]). Calculations
based on a microscopic cluster model suggest that states with large 18 O(2+ )+n
or 18 Ne(2+ )+p components are expected above 2 MeV excitation energy. Such
states cannot be easily observed in elastic scattering, but are expected to show
up in the H(18 Ne,p’)18 Ne* inelastic cross section, where 18 Ne is in its first
excited state (1.887 MeV, 2+ ). The existence of core excitations in singleparticle states is predicted by theory in several nuclei, and it is in that context
that the present work was undertaken.

2

Microscopic calculation

Before running the experiment we have performed a preliminary calculation
using a microscopic cluster model [7], based on the Generator Coordinate
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Method (GCM) [8]. In this model, all nucleons are taken into account, and
the Hamiltonian is given by
H=

19
X

19
X

Ti +

Vij ,

(1)

i>j=1

i=1

where Ti is the kinetic energy of nucleon i, and Vij is a nucleon-nucleon interaction, taken here as the Volkov V2 force [9].
The GCM wave functions of 19 Na are factorized into 18 Ne and p internal wave
functions as
ψ=

X

Aφk18 φp gk (ρ),

(2)

k

where k labels the channels, A is the antisymmetrization operator, φk18 are
shell-model wave functions of 18 O/18 Ne and gk are radial functions depending
on the relative coordinate ρ. All sd-shell states are included in the 18 O/18 Ne
wave functions, in particular the 0+ ground state, and the 2+ first excited state
(see Ref. [10] for details). The angular momentum projection is performed
using standard methods [7]. This model has been used to investigate many
nuclei and reactions (see for example Ref. [11]), and is well adapted to exotic
nuclei with low level densities.
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Fig. 1. GCM and experimental 19 O and 19 Na spectra. The 19 Na states in bold were
observed in the present experiment. The particle thresholds are shown as dashed
lines.
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In Fig. 1, we present the 19 O and 19 Na spectra obtained from the GCM calculations. In both systems, the admixture parameter M of the Volkov force has
been determined from the experimental 1/2+ energy. All other energies were
obtained without any fitting. The low-lying part of both spectra is remarkably well reproduced by the GCM. The proton widths in the 18 Ne(0+ )+p and
18
Ne(2+ )+p channels (referred to by the indices ”0” and ”2”, respectively)
are given in Table 1, as are the angular momenta ℓ0 and ℓ2 . Since the 2+
excitation energy is slightly underestimated by the GCM (1.54 MeV whereas
experiment gives 1.88 MeV), we have corrected the Γ2 values to account for
the experimental threshold.
For the proton width of the 1/2+ state, the theoretical value is slightly larger
than experiment (101 ± 3 keV). The large θ02 obtained from the GCM confirms
the single-particle structure [2]. A 7/2+ state is known in 19 O, and is predicted
by the calculation, but its width in 19 Na is too small to make it observable.
The calculations also predict 5/2+ and 3/2+ states (ℓ = 2 in the 18 Ne(0+ )+p
channel) with a dominant 18 Ne(2+ )+p structure. As indicated by the large θ22 ,
the GCM suggests that these states can be considered as 18 Ne(2+ )+p singleparticle states (s wave), and should show up above 2 MeV. The dominant
single-particle structure makes the GCM Coulomb shifts for these new states
quite important. According to their widths, they should be observable in experiments using thick targets. Fig. 1 shows that the theoretical energies of
the mirror low-lying states in 19 O are in good agreement with experiment,
although slightly underestimated. A shell-model calculation [6] with the USD
interaction predicts an 19 O level scheme very similar to the present one. In
particular, 5/2+ and 3/2+ states are suggested at Ex = 3.2 MeV and 3.8 MeV,
respectively.

Table 1
GCM energies and widths of 19 Na resonances. Total widths are given in keV, and
dimensionless reduced widths (at a = 5 fm) in %. Angular momenta in the elastic
and inelastic channels are denoted by ℓ0 and ℓ2 , respectively. The notation xn stands
for x × 10n .
J π Ec.m. (MeV) ℓ0 ℓ2
Γ0
Γ2
θ02
θ22
1/2+

1.06

0

2

130

−

30

2.6

7/2+

2.18

4

2

1.5−5

8.9−5

1.0−3

5.4

5/2+

2.52

2

0

1.5

19

0.3

50

3/2+

2.81

2

0

2.0

79

0.3

31

4
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Experimental method

Elastic and inelastic scattering in inverse kinematics [12] of 18 Ne was employed
to investigate 19 Na. The radioactive 18 Ne beam was delivered using the CRCRIB facility at Louvain-la-Neuve, Belgium. The 18 Ne atoms were produced
via the 19 F(p,2n)18 Ne reaction by bombarding a LiF target with an intense 30
MeV proton beam from the CYCLONE30 cyclotron. After being ionized to the
4+ state in an ECR source, the 18 Ne beam was post-accelerated to 66 MeV by
the CYCLONE110 cyclotron [13] and directed on to a 2 mg/cm2 (CH2 )n foil.
The 18 Ne beam was stopped 1.5 m downstream from the target in a Faraday
cup equipped with a current amplifier suitable to work with low-beam currents
and with an electron-suppression system. The average beam intensity on target
was typically of the order of 106 pps. The chosen combination of beam energy
and target thickness allowed us to explore the centre of mass (c.m.) energy
range Ec.m. = 2.6−3.4 MeV with respect to the 18 Ne+p threshold for both the
elastic and inelastic channels. In addition, the choice of the target thickness
optimized the separation between the elastic and the inelastic events.
The recoil protons were detected using a “compact disc” silicon strip ∆E − E
detector array CD-PAD [14]. It allows a very clean separation between protons,
α, and β particles. No signals corresponding to heavier ions were observed in
the telescope. The beam energy was deduced from the most energetic protons.
It agrees within ±100 keV (better than 0.4%) with the nominal beam energy.
The beam energy spread was less than 100 keV full width at half maximum
(FWHM). The CD-PAD array was placed 11.1 cm downstream from the target
and the 16 annular strips covered a laboratory angular range of θlab = 4.7◦ −
20.2◦ . The energy calibration of the detector array was performed by means
of a three-line α-source (239 Pu, 241 Am, 244 Cm) and a precision pulser. The
laboratory proton energy resolution was 55 keV for the ∆E detectors and 90
keV for the PAD detectors. The combined energy resolution was 105 keV.
The proton events were selected using a gate on the ∆E − E matrix (as in
Ref. [15]).
A typical proton energy spectrum is displayed in Fig. 2 for a strip located at
θlab = 17.0◦ . The arrows indicate the new states in 19 Na as observed in the
inelastic channel. In the elastic channel, the proton widths are expected to be
small and thus a more detailed analysis is needed to obtain the properties of
the states (Section 4).
Proton events were observed at laboratory energies higher than the maximum
energy of the elastic events, probably arising from reactions on the C present in
the target. In order to identify, and to subtract away these background events,
a measurement was made using a pure 12 C target (200 µg/cm2 thick) under the
same experimental conditions as the measurements with the (CH2 )n target. A
5

polynomial fit of the 18 Ne + 12 C yield was performed at each measured angle
both for the elastic and inelastic spectra to have a smooth parameterization
of the energy dependence. The background fits were normalized to the (CH2 )n
yield at higher energies (above Elab = 12 MeV in Fig. 2) where no elastic
events are present.
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Fig. 2. Yield (in rel. units) of a 66 MeV 18 Ne beam on a 2 mg/cm2 (CH2 )n target
at θlab = 17.0◦ . The two new observed 19 Na states are indicated by arrows. The
dotted curve is a fit of the 18 Ne + 12 C background yield (see text).

Two important effects have to be taken into account in the data analysis.
First, the opening angle of the detector strips introduces an uncertainty in
the proton energy [16]. Typical values ranged between 25 and 100 keV (for
the laboratory proton energies and angles covered). The second effect is the
straggling of the beam particles and of the recoil protons in the target [17].
It produces an additional uncertainty in the laboratory energies of the recoil
protons, of the order of 25 keV. The total energy broadening was obtained by
combining in quadrature all contributions, and was taken into account in the
theoretical analysis. The effective target thickness was obtained as a function
of the beam energy by using the energy loss of 18 Ne in (CH2 )n [17].
The c.m. energy was calculated for both elastic and inelastic events using
standard kinematic expressions [18]. In this procedure, the energy loss of the
recoil protons (up to 100 keV at the lowest Elab values) were added to the
detected proton energy. The absolute elastic and inelastic cross sections were
obtained for 7 effective c.m. angles (the recoil spectra of the 3 innermost strips
were added three by three, the others were added two by two) in the range
θlab = 6.1◦ −18.4◦ and for c.m. energies Ec.m. = 2.6−3.4 MeV by correcting the
number of counts for the solid angle of the detectors and the effective target
6

thickness, and by normalizing (within ±20%) to a theoretical extrapolation of
previous elastic-scattering data [2,4].
In Fig. 3, the elastic and inelastic cross sections as a function of Ec.m. are
shown for three typical laboratory angles: θlab = 6.1◦ , 10.7◦ and 16.5◦ (∆θ =
±1.5◦ , ∆θ = ±1◦ and ∆θ = ±0.9◦ , respectively). The error bars include the
statistical errors, the uncertainty in the solid angles (±6%), in the effective
target thickness (±5%), and from the background subtraction (±20%).
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θlab=10.7°

θlab=16.5°
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Fig. 3. Center-of-mass experimental cross section for inelastic (upper panels) and
elastic (lower panels) scattering as a function of Ec.m. at three different laboratory
angles. The curves are the results of the simultaneous R-matrix fits for three different
values of the channel radius a. Note that at the scale of the figure, the inelastic fits
are insensitive to a.
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R-matrix analysis

The cross sections obtained here have been analyzed using the R-matrix formalism. Elastic scattering has been considered in various experiments (see for
example Ref. [2]), but inelastic scattering requires some further developments.
For a partial wave involving a single resonance, the 2 × 2 R-matrix is given by
Rij (E) =

γi γj
,
Ei − E

(3)

where (i, j) refer to the channels, γi2 are the reduced widths in the elastic (i =
1) and inelastic (i = 2) channels, and Ei is the pole energy. The transformation
7

between R-matrix parameters (γi , Ei ) and “observed” parameters is done using
well known techniques [19–21].
Owing to the 2+ spin-parity of 18 Ne in the inelastic channel, several channel
spins (3/2+ , 5/2+ ) and angular momenta are possible. We assume that one of
them is dominant and neglect the other components. With the R-matrix (3),
the collision matrix U is easily determined from Coulomb functions [19]. The
element U11 is involved in elastic scattering, while U12 determines the inelastic
cross sections. The elastic cross section at a c.m. angle θ is given by
dσel
1X N
| f ′ (E, θ) + f C (E, θ)δνν ′ | 2 ,
(E, θ) =
dΩ
2 ν,ν ′ ν,ν

(4)

where ν, ν ′ = ±1/2 correspond to the spin orientation of the proton, and where
C
N
fν,ν
′ (θ) and f (θ) are the nuclear and Coulomb amplitudes, respectively. They
are given in Ref. [19] (Sec. VIII). For the inelastic cross section, we have
dσin
1 X
(E, θ) = 2
Bj (E)Pj (cos θ),
dΩ
2k j

(5)

where k is the wave number, and Bj (E) are the anisotropy coefficients. They
are related to the collision matrix as explained in Ref. [19] (Sec. VIII).
As shown in Fig. 3 we performed a simultaneous fit of the elastic and inelastic
cross sections at three different angles (θlab = 6.1◦ , 10.7◦ and 16.5◦ ). In other
words, the 6 excitation functions of Fig. 3 were analyzed with common Rmatrix parameters. Two resonances were introduced in the fit according to
the experimental evidence in the inelastic events (see above). The obtained
energies and widths are given in Table 2; in the R-matrix formalism, they
correspond to “observed” values. The channel radius is a = 5 fm. The errors
in the resonance parameters include the uncertainties in the experimental
energy resolution and in the theoretical analysis.
Both resonances are rather broad, but the branching ratios for the decay
to the elastic channel are quite small, which confirms the prediction of the
GCM. In the Breit-Wigner formalism, equivalent to the R-matrix theory for
a single resonance, the amplitude of the cross section at the resonance energy
is proportional to (2J + 1)Γ0 Γ2 /Γ2tot . As Γ0 is much smaller than Γ2 , the
physical parameter is (2J + 1)Γ0 /Γtot . Best fits (χ2 /N ∼ 0.4, where N =
171 is the number of experimental data) are obtained with the two levels
having spin assignments (3/2+ , 5/2+ ) or (5/2+ , 3/2+ ). Our experiment cannot
distinguish between the two possibilities (see Fig. 4), but rules out identical
spin assignments (χ2 /N ∼ 0.8 − 0.9).
8

Dimensionless reduced widths θ02 and θ22 can be extracted from the total widths
and branching ratios. The values given in Table 2 are averages for J = 3/2
and J = 5/2. Qualitatively the experimental reduced widths are in excellent
agreement with the GCM calculation. In the elastic channel, θ02 is of the order
of 1%, which means that this configuration is negligible. Conversely, the very
large θ22 values predicted by the GCM are supported by the present data, and
are consistent with a single-particle structure in the 18 Ne(2+ )+p channel (s
wave).
0.8
θlab = 10.7o (elastic data)
5/2+,3/2+

2
χ /N

0.6

3/2+,5/2+

0.4
θlab = 10.7o (inelastic data)

0.2
4.5

4.7

4.9

5.1

5.3

a (fm)
Fig. 4. Variation of χ2 as a function of the channel radius a (N = 171). The two
solid curves represent the global χ2 deduced from the simultaneous fit of the inelastic
and elastic data at θlab = 6.1◦ , 10.7◦ and 16.5◦ . The two possible spin assignments
(3/2+ , 5/2+ ) and (5/2+ , 3/2+ ) cannot be distinguished. The thin solid curve and
the dotted curve are the partial χ2 for the elastic and inelastic data (θlab = 10.7◦ ),
respectively.

The χ2 dependence on the channel radius has been investigated for the global
fit as well as for some individual elastic and inelastic cross sections (Fig. 4).
The minimum of the global χ2 corresponds to a channel radius near a = 5 fm.
Both resonances are clearly characterized by ℓ = 0 in the inelastic channel, but
the total spin J cannot be determined. As shown in Fig. 4, the inelastic cross
sections are virtually insensitive to the channel radius a. The main constraint
is provided by the elastic scattering cross sections. This arises from interference
effects between the Coulomb and nuclear contributions. In Fig. 3 we present
the optimal fit for three different values of the channel radius.
The present elastic cross section is compared in Fig. 5 with data available in
the literature [2,4]. Combining the three experiments provides a cross section
over a wide energy range (0.7 MeV to 3.5 MeV). Slight differences in the
scattering angle are not significant in view of the error bars. Owing to their
dominant 18 Ne(2+ )+p structure, the new resonances observed here are hardly
visible in the elastic data. An inelastic measurement is, therefore, necessary
9

Table 2
Energies and widths of 19 Na resonances obtained in the global R-matrix fit with
a = 5 fm.
0
θ02 (%)
θ22 (%)
Ec.m. (MeV) 2J π
Γtot (keV) (2J + 1) ΓΓtot
2.78 ± 0.03 (5, 3)+

105 ± 10

0.43 ± 0.05

1.1 ± 0.3

44 ± 4

3.09 ± 0.06 (3, 5)+

250 ± 50

0.12 ± 0.04

0.6 ± 0.2

36 ± 7
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Fig. 5. Elastic cross sections from the present experiment (circles) and previous measurements [Ref. [2] (crosses) and Ref. [4] (triangles)]. The solid curve is the R-matrix
calculation derived from the present analysis; the dotted curve is the Coulomb contribution to the elastic cross section (both are calculated at θc.m. = 167.7◦ ).

to identify and characterize them.
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Conclusions

The nucleus 19 Na has been studied in the Ec.m. range from 2.6 to 3.4 MeV
by measuring 18 Ne+p elastic and inelastic scattering cross sections. We have
observed two new states with a dominant 18 Ne(2+ )+p structure at Ec.m. = 2.78
MeV and 3.09 MeV. In the 19 O mirror nucleus, several states are known in
this energy region, but the spin assignments are uncertain [22]; single-particle
18
O(2+ )+n states are expected near Ex ∼ 3 − 3.5 MeV.
A simultaneous R-matrix analysis of both the elastic and inelastic data allowed
the total widths and branching ratios to be derived. The deduced spin-parities
of the two states are J = 3/2+ or J = 5/2+ , with identical assignments for
10

both excluded. The energies of these states and the large proton widths in the
18
Ne(2+ )+p channel are in agreement with the GCM calculation and confirm
their exotic single-particle structure.
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