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α-decaying states 18O, 20Ne and 22Ne in 18O beam induced reactions
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(Received 26 October 2005; published 6 March 2006)

The three reactions 12C(18O,14C + α)12C, 12C(18O,16O + α)10Be, and 12C(18O,18O + α)8Be have been used to
investigate α-decaying states in the nuclei 18O, 20Ne, and 22Ne populated through inelastic scattering, 2p, and
α transfer, respectively. The measurements were performed at a beam energy of 140 MeV, and two charged
particle detector telescopes were used to detect the breakup of the projectile-like particle. States in 18O, 20Ne,
and 22Ne were observed in the excitation energy range from 7 to 22 MeV and angular correlation techniques
were used to determine the spins of a number of these states. The data are interpreted in terms of the underlying
cluster structure. In the case of the 18O, 14C core + α, cluster bands, that are the analog of those in 20Ne have
been identified.
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I. INTRODUCTION

The 16O + α cluster structure of the nucleus 20Ne has often
been cited as the best example of clustering in light nuclei (e.g.,
Ref. [1]). From the experimental perspective the level structure
of 20Ne has been characterized in terms of bands with both
16O + α and [2,3]12C + 8Be [4] cluster configurations up to
energies above 20 MeV. These states have been characterized
in terms of their reduced widths, which demonstrate that
in many of the bands the cluster structure is the dominant
component [2]. The α + 16O cluster structure of the ground
state is intrinsically mass asymmetric, which gives rise to an
octupole parity doublet of Kπ = 0± bands [5,6]. The energy
splitting between the two components has been interpreted
in terms of the probability for the α particle to tunnel
between the two sides of the 16O core. The cluster structure
of 20Ne is also well reproduced within the antisymmetrized
molecular dynamics (AMD) framework [7], a prescription
that, importantly, is essentially free from any constraints on the
arrangement of the 20 nucleons (i.e., a priori no clustering).

The impact of this remarkable structure on neighboring
nuclei is important. For example, the 16O + α cluster structure
has been found to strongly influence the structure of 21Ne [8],
which demonstrates the molecular exchange of the valence
neutron between the mass asymmetric cores. Furthermore,
18O + α resonance scattering studies [9,10] have uncovered
evidence for a sequence of resonances in 22Ne that were
interpreted in terms of the molecular exchange of two neutrons
between the cores. The removal of two protons from 20Ne
forms 18O, a nucleus that has also been demonstrated to
display a mass-asymmetric character [11–13]. The precise
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link between the cluster structures in these nuclei remains,
however, to be elucidated.

In the present paper we present measurements of the α de-
cay of states in 18O, 20Ne, and 22Ne measured simultaneously.
These data provide a means to link the cluster structures in the
three nuclei.

II. EXPERIMENTAL DETAILS

The present measurements were performed at the Vivitron
accelerator facility using a 140-MeV 18O beam of intensity
2.5 pnA (with a total integrated exposure of 9.1 mC, Q = 8+).
The beam was incident on a 120 µg cm−2 self-supporting
12C target, and inelastic scattering and transfer reactions were
used to populate states in 18O and 20,22Ne. The breakup of
the 18O, 20Ne, and 22Ne ejectiles into 14C + α,16 O + α and
18O + α, respectively, was detected using two charged-particle
telescopes. One of the telescopes was designed to detect
light ions (α particles) and the other heavy ions (carbon
or oxygen nuclei). The light-ion detector was composed of
three elements: a 65-µm-thick, 5 × 5 cm2 silicon detector, a
500-µm-thick silicon-strip detector, and a 1-cm-thick CsI
detector (with both the latter elements having a size equal to
that of the first element). The 65-µm-thick detector was subdi-
vided into four quadrants to minimize the detector capacitance.
The strip detectors possessed 16 position-sensitive strips, each
strip being 50 × 3 mm2, with a position resolution along the
strip of �1 mm. The energy resolution of the telescope was
�500 keV. The heavy-ion detector telescope was composed of
two elements: a gas �E detector and a silicon-strip stopping
detector (of the same type as in the light-ion telescope). The gas
was contained by a 3.5-µm-thick aluminized Mylar window
and had a 5-cm-thick active volume and was operated with
75 mbar of isobutane gas. The energy and position resolutions
of this telescope were similar to that of the light-ion detector
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telescope, but with slightly better position resolution owing to
the greater energy deposition of the heavy ions.

The resistive strip detectors in each telescope provided a
measurement of the emission angle of the reaction products.
For the light-ion detector the strip detector was located 143 mm
from the target at an angle of 24.6◦ with respect to the beam
axis. The strip detector element of the heavy-ion telescope was
positioned 274 mm from the target at an angle of 13.0◦ from
the beam axis on the opposite side of the beam axis to the
light-ion telescope. The energy response of the telescopes was
calibrated using elastic scattering of 71.4- and 102.9-MeV 18O
nuclei from both 197Au and 12C targets.

III. ANALYSIS TECHNIQUES

The three breakup reactions 12C(18O,14C + α)12C,
12C(18O,16O + α)10Be, and 12C(18O,18O + α)8Be were recon-
structed using the resonant particle spectroscopy approach.
The multi-element nature of the telescopes allowed �E-E
techniques to be employed to identify oxygen and carbon
nuclei in the heavy-ion telescopes (but no mass resolution
was possible) and α particles in the light-ion telescopes, thus
providing for some degree of channel selection. As already
noted, the strip detectors provided for a determination of the
emission angles of the ions and their energy—the energy loss
in the gas and CsI detectors was reconstructed from the energy
deposition in the strip detectors, thus improving the overall
energy resolution.

These measurements were sufficient to allow a calculation
of the momenta of the two detected particles, given an assump-
tion of their masses. Then using the principle of conservation
of momentum it was possible to deduce the momentum of
the remaining final-state particle (the recoiling target-like
particle), which went undetected. This then permitted the
final-state kinetic energy to be calculated, which was linked
via the beam energy to the reaction Q value,

E1 + E2 + Erecoil = Ebeam + Q3, (1)

with E1,2 being the kinetic energies of the two detected
fragments, Erecoil that of the recoil, Ebeam the beam energy, and
Q3 the three-body reaction Q value. A spectrum of the sum of
the three final-state particle kinetic energies (Etot) reveals the
individual excitation energies of the final-state nuclei produced
in the reactions.

The excitation energy (Ex) of the resonant system may be
calculated from the relative velocity (vrel) of the two detected
decay products (with the angles of the detectors set so as to
favor the kinematics of reactions in which the ejectile decayed),

Ex = Erel + Ethresh, (2)

where Ethresh is the associated α-decay threshold and,

Erel = 1
2µv2

rel (3)

with µ being the reduced mass of the decaying system.
Finally, the angular distributions of the reaction products

may provide information as to the spins of the decaying
states. The experimental approach is described in detail in
Ref. [14]. Briefly, the measurement of two of the three

final-state particles permits the angular distributions of both
the resonant particle and the two breakup products to be
reconstructed. The center-of-mass (c.m.) emission angle of
the resonant particle is given by the angle θ�, and the breakup
of the resonant particle is described by the angle ψ , which is
the angle (in the c.m. frame of the resonant particle) between
the relative velocity vector of the two fragments and the
beam axis. For a reaction system in which all the initial-and
final-state particles are spin zero (and for strong absorbtion in
the small impact parameter region), there is a strong restriction
on the reaction amplitudes and the spin of the resonant particle
strongly influences the angular distributions. For the scattering
angle θ�= 0◦ the reaction system is constrained such that the
resonant particle is populated in the m = 0 magnetic substate
and the angular distributions W (θ�, ψ) are given by

W (0, ψ) ∝ |PJ [cos(ψ)]|2. (4)

For angles away from θ� = 0◦ then other m substates con-
tribute and the angular distributions are governed by associated
Legendre polynomials, and the interference between these
gives rise to distributions whose periodicity is determined by
the Legendre polynomial of order J, but a shift in phase is
introduced,

W (θ�, ψ) ∝ |PJ [cos(ψ + �ψ)]|2, (5)

where J is the spin of the state, and

�ψ = li − J

J
�θ�, (6)

with li being the entrance channel grazing angular momentum
(see Ref. [14]).

The analysis of the correlations is performed such that the
W (θ�, ψ) distributions are projected onto the θ�= 0◦ axis at
an angle defined by �θ�/�ψ . The periodicity of the resulting
projection is then compared with Legendre polynomials of
order J, the spin of the decaying state. The projection angle,
which is also sensitive to the spin, and the periodicity must be
consistent for a spin assignment to be made.

IV. RESULTS

A. Breakup of 18O

Figure 1 shows the total final-state kinetic energy spectrum
for 14C + α coincidences. The Q value for the 12C(18O,14C +
α) reaction is −6.227 MeV, and thus the peak corresponding
to all of the reaction products in their ground states should lie
at a total energy of 133.8 MeV (indicated by the vertical line in
the upper part of Fig 1). The highest energy peak is found at an
energy of 134.1 MeV (i.e., within 300 keV of that expected),
with a width that is determined by the experimental resolution
(FWHM) of 1.7 MeV. The peaks at lower total energies lie 4.4,
7.1, and 11.9 MeV below the highest energy peak. The first two
of these would correspond to the excitation of the 12C recoil
particle (4.4 MeV, 2+) and 14C breakup particle (7.01 MeV,
2+). The third peak results from mutual 12C + 14C excitations.
The excitation energy spectrum corresponding to the events
highlighted in Fig. 1(a) is shown in Fig. 1(b). The spectrum
extends from the experimental threshold (as indicated by the
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FIG. 1. (a) The calculated total energy spectrum for the
12C(18O,14C + α)12C reaction. The shaded region shows the events
selected for the 14C + α decay of 18O. The vertical line indicates the
theoretical position of the peak corresponding to the three final-state
particles being produced in the ground state (133.8 MeV). (b) The
excitation energy spectrum for 18O → 14C + α decays. The high
excitation energy region is shown multiplied by a factor of 5 to
emphasize the structure in this portion of the spectrum. The dotted
line shows the experimental detection efficiency calculated using
Monte Carlo simulations of the reaction and detection processes (with
the maximum value indicated). The smooth line to corresponds to the
peak-fit analysis (the peak component), and the long-dashed line to
the extracted background.

Monte Carlo simulations of the detection efficiency) at 10 MeV
(the decay threshold being 6.227 MeV) up to 23 MeV. The
excitation energy resolution has been predicted by simulations
of the reaction and detection processes (including the energy
and position resolution of the detectors and energy loss and
energy and angular straggling in the target). These calculations
predict that the resolution (FWHM) should be 350 keV at Ex =
10 MeV, increasing to 500 keV at Ex = 15 MeV. The widths
of the observed peaks are close to these values, indicating that
the true widths of the states are not being probed. The spectrum
of states observed is essentially the same as observed in the
14C(18O,14C + α) [12] and 9Be(18O,14C + α) [13] reactions
and are listed in Table I.

The peaks at 10.29, 11.63, 12.61, and 13.11 MeV agree with
the previous measurements of Curtis [12] and Ashwood [13]
within 50 keV for the first two states and within 140 keV for
the higher energy states. The agreement with the tabulations
of Tilley et al. [15] is also of a similar quality. The overlap
in the possible spins of the 10.29-MeV state observed in
the 14C(18O,14C + α) reaction [12] and the tabulated value
of 4+, and the definite assignment of 5− to the 11.62 MeV
breakup state, which agrees with the tabulated spin of the
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FIG. 2. (Color online) Angular distribution for the breakup of
18O to 14C + α for the 18O excited state at (a) 12.61 MeV and
(b) 13.11 MeV. The smooth line in (a) corresponds to the function
|P6(cosψ)|2 and in (b) to |P4(cosψ)|2. An agreement between the
periodicity of the data and the Legendre polynomial would suggest
J π = 6, 4+, respectively. Note, however, that in the case of the
12.61-MeV data the correlations are equally well described by spins
of 2, 4, and 6. For the 13.11-MeV peak the decay of a spin 4 state
provides the best description of the data, although spin 2 cannot be
excluded.

11.62-MeV state, provides confidence in both the calibration
of the excitation energy and in the correct identification with
the states in the tabulations of 18O. The spin analysis of the
present data cannot provide a very stringent limit on the spins
of the 10.29-and 11.63-MeV states. In the case of the two
peaks at 12.61 and 13.11 MeV the analysis of the angular
correlations limited the spins, and thus parities, to being even.
The established Jπ of the 12.53-MeV state concurs with the
possible 6+ assignment deduced in the present analysis. In
the case of the peak at 13.11 MeV, which we associate with
the 13.00-MeV state in the data of Curtis et al., the analysis
of the angular distributions cannot unambiguously distinguish
between J + 2 or 4, though a spin of 4 is favored. Figure 2
shows the angular correlation for the peak at 13.11 MeV
projected at an angle that would coincide with an entrance
channel grazing angular momentum of li = 32h̄ [see Eq. (5)].
We note that in the analysis of the angular correlations for
the 11.62-MeV 5− state in the 14C(18O,14C + α) reaction at
102 MeV [12] the li was found to be 31h̄. A calculation of
the grazing angular momentum for the present reaction and
beam energy, scaled to that determined for the 11.62-MeV
state, suggests a value of 32h̄, in agreement with the present
analysis.

In the higher excitation energy portion of the spectrum in
Fig. 1(b) we find evidence for peaks at 15.04 and 17.40 MeV,
which do not appear to correspond with any observed in the two
earlier studies [12,13]. The 16.20-MeV peak may correspond
to the 16.42-MeV peak in [12]. The 17.40-MeV peak may
be linked to the 17.05-MeV 7− state, which was observed in
the 14C(6Li,d ) reaction [16]. The correlations for these higher
lying states did not produce conclusive spin assignments.
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TABLE I. States observed in the present 12C(18O,14C + α) reaction study and other inelastic break-up studies [12,13]. These are compared
to the states listed in the tabulations of Tilley et al. [15]. Note that only states with natural parity and spin assignment are shown from
Ref. [15].

Tilley et al. [15] 14C(18O,14C + α) [12] 9Be(18O,14C + α) [13] Present work

Ex J π � Ex J π Ex � Ex J π

(MeV) (keV) (MeV) (MeV) (keV) (MeV)

6.404 3− 30 ± 15 fsec
7.117 4+ <25 fsec
7.619 1− <2.5
7.864 5− 7.86
8.038 1− <2.5 8.04
8.125 5−

8.213 2+ 1.0 ± 0.8 8.22
8.282 3− 8 ± 1
8.955 (4+) 43 ± 3
9.0 (1−)
9.361 2+ 27 ± 15 9.35 (2+, 3−) 9.39(5)
9.672 (3−) 60 ± 30 9.70 (1−, 2+, 3−) 9.72(5)

10.118 3− 16 ± 4
10.295 4+ 10.29 (3−, 4+, 5−) 10.27(5) 10.29
10.396 3−

11.39 (2+)
11.41 (4+)
11.62 5− 76 ± 8 11.62 5− 11.58(5) 11.63
11.67 (3−)
11.69 6+

11.82 (3−)
12.04 (2+) 28 ± 6 12.06
12.25 (1−)
12.33 5−

12.41 (3−)
12.50 4+

12.53 6+ 12.54 12.47(5) <300 12.61 (2+,4+,6+)
13.00 (2+, 4+) 13.04(5) 13.11 (2+,4+)

13.1 1− 700
13.8 1− 600

13.8(1) <480 13.94
14.7 1− 800 14.58

15.04
15.7(1) <360

15.8 1− 700 15.46
16.315 (2,3)− ∼600 16.42 16.20

16.8(1) <300
16.948 (2,3)− <20
17.05 (7−)a ∼350 17.40

aThe states at 17.05 and 18.95 MeV populated in the 14C(6Li, d) reaction have been assigned J π = 7− by Artemov et al. [16].

B. Breakup of 20Ne

The total energy spectrum for the 12C(18O,16O + α),
2p-transfer reaction is shown in Fig. 3(a). The Q value for
this reaction is −11.08 MeV, and thus the peak corresponding
to the production of all three final-state particles in the ground
state should lie at 128.9 MeV, as indicated by the solid vertical
line. The observed peak is found to lie within 200 keV of that
calculated. Two peaks are also found at lower total energies—
3.34 and 6.49 MeV below the highest energy peak. The first of

these predominantly arises from excitation of the 10Be recoil
(3.34 MeV, 2+); the peaks in the excitation energy spectra
for the ground state and 3.34-MeV total energy peaks are
similar. The character of the second peak cannot be uniquely
identified as it corresponds to the excitation of only a group
of states in 16O and 10Be in the 6- to 7-MeV excitation energy
region.

The excitation energy spectrum corresponding to the three
final-state particles being in the ground state is shown in
Fig. 3(b) [corresponding to the shaded region in Fig. 3(a)].
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FIG. 3. (a) Total energy spectrum for the 12C(18O,16O + α)10Be
reaction. The shaded region shows the events selected for the
calculation of the excitation energy of the 16O + α decay of 20Ne.
The solid vertical line indicates the theoretical position of the peak
corresponding to the three final-state particles being produced in the
ground state (128.9 MeV). The dotted line indicates the position
of the 12C(18O,18O + α) reaction (132.6 MeV). (b) The excitation
energy spectrum for 20Ne → 16O + α decays. The dotted line shows
the calculated experimental detection efficiency; the maximum value
is indicated. The smooth solid line to corresponds to the peak-fit
analysis (the peak component), and the long-dashed line to the
extracted background.

The strongest states observed are listed in Table II. The
lower excitation energy limit is defined by the experimental
acceptances (as indicated by the Monte Carlo simulations).
As in the case of the 18O data, there is very good agreement
between the peak centroids extracted here and the tabulations
of Tilley et al. [17]. The agreement is within 50 keV for the
lower energy states and increasing to 80 keV at 15.44 MeV.

An analysis of the angular correlations of the peaks
observed in the 20Ne excitation energy spectrum was used
to establish the correspondence between the states observed in
the present study and those in the tabulations. In the case of the
8.77- and 9.04-MeV peaks the correlation data were limited by
the experimental acceptance, and definite spin determinations
were not possible. Nevertheless, if the correlation distributions
were projected at an angle consistent with the value of li = 32h̄
found in the analysis of the breakup of 18O, the two correlations
were found to be consistent with Jπ = 4+ and 6+, respectively.
The correlations for the peaks at 10.28, 12.53, and 15.44 MeV
were not so limited and assignments of Jπ = 5−, 6+, and
7−, respectively, were made (see Fig. 4). The correlations
for the peaks at 11.03, 11.96, and 14.04 MeV were largely
featureless, which is characteristic of either low spin states or,

TABLE II. States observed in 20Ne for the reaction
12C(18O, 16O + α). The energies and spins measured in the present
work are compared with those listed in Ref. [17], and with the T = 0
states from the reaction 18O(3He,n)20Ne [18,19].

Present work Tilley et al. [17] 18O(3He,n)20Ne
[18,19]

Ex (MeV) J π Ex (MeV) J π [band] Ex (MeV) J π

7.86
8.77 (6+) 8.7776 6+ [0+

1 ]
7.79

9.04 (4+) 9.031 4+ [0+
3 ]

9.05
9.98

10.28 5− 10.262 5− [0−]
10.88

11.03 (10.97, 11.020) (0+, 4+)
11.27
11.48 (0+)
11.59

11.96 (11.951) (8+; [0+
1 ])

12.21 2+

12.41 0+

12.53 6+ 12.585 6+ [0+
2 ]

12.83
13.10 0+

13.34
13.48
13.59 (2+)
13.90 (2+)

14.04 (14.02, 14.063) (1−, 2+)
14.22

15.44 7− 15.366 7−

alternatively, the contribution from two states with differing
spins, and thus definite assignments to states in the tabulations
of Tilley et al. [17] were not possible; in these cases the most
likely candidates have been listed.

The states observed in the only other two-proton (2p)
transfer reaction listed in Ref. [17] are also shown in Table
II [18,19]. We note that the agreement between the two
sets of data is not particularly good. In fact it is difficult
to identify states seen in both reactions. This may reflect
the fact that the contribution of isospin to the two reactions
is different (by virtue of the decay channel selected, the
present measurements sample only T = 0 states in 20Ne)
and that the angular momentum transfer is much larger in
the present measurements owing to the larger c.m. energy
(the earlier measurements being limited to low spin states).
Thus, the present studies are complementary to the earlier
measurements, as they provide information on the population
of higher spin states in the two-proton transfer reaction.

C. Breakup of 22Ne

As has been shown in the preceding analysis, the vast
majority of the oxygen-α coincidences in the total energy
region Etot >120 MeV can be accounted for by the decay
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FIG. 4. (Color online) Angular distributions for the breakup of
20Ne to 16O + α for the states at 10.28, 12.53, and 15.44 MeV. The
lines show the periodicity of Legendre polynomials of order 5, 6,
and 7, suggesting J π = 5−, 6,+ and 7−.

of 20Ne to 16O + α. The Q value for the 12C(18O,18O + α)8Be
reaction is −7.37 MeV, 3.7 MeV more positive than that for
the 12C(18O,16O + α)10Be reaction. The corresponding total
energy is indicated by the vertical dotted line in Fig. 3(a), where
a small shoulder appears on the highest energy peak associated
with the 20Ne breakup. It should be noted that there is no such
feature present in the spectrum in Fig. 1(a). It is interesting
that although the 2p-transfer and α-transfer reactions would
be expected to have similar cross sections, the α transfer
is significantly suppressed with respect to the 2p transfer.
The α-transfer cross section is less than 10% of that for the
2p transfer (even though the Q value is more positive). As-
suming a detection efficiency of 1% (which is approximately
the efficiency calculated for the regions in which the peak in
strength in the excitation energy spectra are located), the cross
sections for the three reactions populating 18O, 20Ne, and 22Ne
are 96(1), 161(1), and 12(1) µb, respectively.

The 22Ne excitation energy spectrum has been calculated
by selecting events that lie in the region of the shoulder in
Fig. 3(a) and is shown in Fig. 5. The spectrum suggests the
presence of a number of states between 15 and 22 MeV.
An analysis of the peak identified with the breakup of 20Ne,
but assuming the 18O + α decay channel, broadens the peaks
in the 20Ne excitation energy spectrum. The large peak at
10.28 MeV in Fig. 3(b) then coincides with the broad feature
seen in Fig. 5 close to 15 MeV. Thus, there may be a
small contamination of the spectrum in this region from the
16O + α decay. The remainder of the peaks in the 20Ne
excitation energy spectrum do not coincide with those
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FIG. 5. The 22Ne excitation energy spectrum gated on the region
indicated by the vertical dotted line in Fig. 3. The shaded spectrum
corresponds to a gate of the same width in energy (1.7 MeV)
placed on the background region of the total energy spectrum
close to 137.5 MeV. The dotted line shows the calculated detection
efficiency. The smooth line corresponds to the peak-fit analysis, and
the long-dashed line to the extracted background.

observed in Fig. 5. However, there is a large component in
this spectrum that arises from the background and is observed
to extend to high total energies in Fig. 3, this component arises
from α-particle pileup in the heavy-ion telescope. The shaded
spectrum in Fig. 5 shows the reconstructed excitation energy
spectrum for a gate of the same width as that used to create
the 22Ne spectrum, but for events at higher Etot. It can be seen
that the background spectrum contains none of the structure
present in the 22Ne excitation energy spectrum, indicating that
the features observed are genuine peaks. The states observed in
the present measurements are compared with those observed
in the earlier breakup measurement [12] and resonant 18O + α

elastic scattering measurements [9] in Table III.
Figure 6 displays the analysis of the spins for the three peaks

that were associated with structured angular correlations.
The remaining peaks are probably associated with multiple
states with different spins, leading to the suppression of the
angular correlation ridge pattern. The quality of the correlation
patterns do not match those found for the analysis of the
breakup of 20Ne owing to both the limited statistics and
the significant background contribution. They do, however,
give some indication of the spin, and owing to the overlap of
the correlation pattern with the θ� = 0◦ axis at ψ = 90◦, for
which the correlation amplitude is zero for negative parity and
a maximum for positive parity [a property of the Legendre
polynomials PJ (cosψ)], the parity may be assigned for the
three states. This latter analysis is independent of the projection
angle, the uncertainty in which leads to the ambiguity in the
spin assignment. For the three states at 19.45, 19.89, and
21.96 MeV the correlations have been projected at an angle
defined by the entrance channel grazing angular momentum
li = 32h̄ and the spins shown in Fig. 6. The data suggest that
the spins of the three states are 6+, 10+ and 9−, respectively.

In the case of the 21.96-MeV peak, this is most probably
the 21.84-MeV 9− resonance observed in the 18O + α resonant
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TABLE III. Summary of states observed in 22Ne. The present
measurements are compared with those for the 14C(18O,18O + α)
reaction [12] and 18O + α resonant scattering measurements [9]. The
brackets for the present spin determinations indicate tentative spin
assignments; the parities have, however, been determined in each case
(see text). Owing to the large background (Fig. 5) the uncertainties
on the peak centroids is ±100 keV.

Present work 14C(18O,18O + 18O + α [9]
α) [12]

Ex

(MeV)a J π Ex (MeV)
Ex

(MeV) J π

γ 2
α /γ 2

W

(%) �α/�tot (%)

12.58 1− 10 36

(12.8)
12.84 1− 20 72

13.19 3− 19 40
13.41 3− 11 40

14.27, 14.47
(15.05)b

15.2
16.45

17.48
(17.8)

18.42
(18.7)

19.28 7− 8 25
19.45 (6)+

19.56 7− 5 23
19.89 (10)+ (19.9)

(20.8) 20.85 9− 51 14.5
21.96 (9)− (22.2) 21.84 9− 57 22

aThe uncertainty in the excitation energy is ±100 keV.
bThis is only a tentative assignment as it coincides with a possible
contaminant from the decay of 20Ne to 16O + α.

scattering measurement of Ref. [9]. It is interesting that over
the energy range sampled in the present measurements only
negative-parity states were observed in the resonant scattering
measurements. In the measurement of the 14C(18O,18O +
α)10Be reaction the experimental threshold was lower than
in the present case, and the state at 14.47 MeV was dominant.
This state is suppressed here owing to the reduced detection
efficiency at this energy. The broad bump observed close to
15 MeV in Fig. 5 may correspond to a series of unresolved
states, as indicated by the correlation analysis, which may, in
part, include the state at 14.47 MeV.

V. DISCUSSION

A. 18O

In Ref. [13] it was suggested that the negative-parity states
populated in the inelastic scattering breakup reaction could
be linked to the (sd)1(fp)1 configuration. The 5− state is the
strongest state populated in this reaction and no candidate
for the 7− state was found. It was proposed in Ref. [13] that
the 5− state was thus the termination of the negative-parity
Kπ = 0− band, which, for a single neutron in both the sd and
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FIG. 6. (Color online) The 22Ne correlation analysis for states
that possess structured angular correlations. Owing to the limited
statistics and significant background contributions only tentative spin
assignments were possible. Because the correlations intercept the
θ� = 0◦ axis close to ψ = 90◦, the parity could be definitely assigned
(see text).

fp shell, cannot exceed a spin of 5. In the present measurement
the c.m. energy is 25% higher than in the work of Curtis
et al. [12] and 13% higher than in that of Ashwood et al. [13].
An increase in the c.m. energy would allow the population
of higher spin states. There is, however, still no indication of
a 7− state at higher energy, supporting the band termination
hypothesis.

Measurements of the resonant scattering of 4He on 14C have
provided information on the spins and α-decay widths (�α) and
total widths (�) of resonances up to an excitation energy of
22 MeV [20]. These systematics are plotted in Fig. 7, where
the size of the symbol indicates the magnitude of �α/� for
each resonance. (Note that only resonances with definite spins
are plotted.) These measurements indicate that there are a
number of resonances with a strong α-cluster structure (values
of �α/� that are close to 1). The states of the negative-parity
band (9.672 MeV, 3− and 11.62 MeV, 5−) found in the
present inelastic scattering breakup reaction and in [12,13] are
among them—the 8.038-MeV 1− resonance was not studied in
Ref. [20]. The resonant scattering measurements did not
provide any evidence for a 7− member, which as shown by
the dotted line would lie close to 15 MeV. However, this is the
region of 18O excitation energy where there was no sensitivity
(as indicated by the horizontal dashed lines). Measurements
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of the transfer reaction 14C(6Li,d)18O [16,21], however, found
two 7− states, but these lie at 17.05 and 18.95 MeV and are
therefore probably too high in energy to form the extension
of the aforementioned negative-parity band. Thus, the band
termination hypothesis appears to be confirmed by the transfer
studies.

There, thus, remains the question as to the origin of the
17.05-and 18.95-MeV 7− states, both of which are strongly
populated in the α transfer. The 12.33-MeV 5− state is also
populated in the α-transfer reaction [21] (reported at a slightly
higher energy of 12.6 MeV in the measurements of Artemov
et al. [16]). These states may be linked to the 3− and 1− states
at 8.282 and 6.198 MeV, respectively, both of which are also
populated in the α-transfer measurements [21].

In Ref. [13] it was suggested that the negative-parity band
connected with the 8.038-MeV 1− state was the analog of the
Kπ = 0− band in 20Ne and that this was the partner band to
the Kπ = 0+ 18O ground-state band forming the analog of
the octupole configuration 20Ne [5]. A 0− (0−

2 ) cluster band
was found in the multiconfigurational Generator Co-ordinate
Method (GCM) calculations of Descouvemont and Baye [22],
which also terminates at a spin of J = 5, which is almost
certainly associated with the present band. In 20Ne both the
Kπ = 0± bands have a well-developed cluster structure. For
the positive-parity states observed in the α-transfer reaction,
the most strongly populated state is the 4+ 7.11-MeV level.
This state is a member of the 4p-2h band, which is linked to
the sequence of states 0+ (3.63 MeV), 2+ (5.24 MeV), 4+
(7.11 MeV), and 6+ (11.69 MeV) [23]. This band corresponds
to the transfer of the α particle to the sd shell and should
extend to a maximum spin of 8+, and the 8+ state observed
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FIG. 7. The energy-spin systematics of resonances in 18O. The
open symbols show the states observed in the 4He + 18O reso-
nance scattering study [20]. Positive- and negative-parity resonances
are indicated by the open squares and open circles, respectively.
The size of the symbol is proportional to the value of �α/�. The
horizontal dashed lines indicate the region in which there were no
measurements. Bands of positive and negative parity, referred to in
the text, are indicated by solid and dashed lines, respectively.

in the resonance scattering studies at 20.227 MeV [20] may
be the terminating state in this band (the lower solid line in
Fig. 7).

There is one other positive-parity band that was identified
by Fortune [23] with the 6p-4h configuration. The suggested
6p-4h band corresponds to the states 0+ [7.11 MeV], 2+
(8.21 MeV), 4+ (10.29 MeV), and 6+ (12.53 MeV), which
are observed in the present measurements. It should be noted
that the 7.11-MeV 0+ state has not been observed but was
postulated by Fortune [23] and coincides with the known
4+ state at the same energy. The higher energy members
of this band are observed in the resonant scattering studies
to have a large cluster content [20]. However, 6p-4h states
would not be expected to be strongly populated in the resonant
scattering or in the 14C(6Li,d) transfer studies. In the present
measurements 6p-4h 18O states would not strongly decay
to the 14Cgs + α final state. They should, instead, decay to
14C excited states. We conclude therefore that the 6p-4h

assignment is not well founded. The positive-parity band
observed in the inelastic scattering breakup reactions can be
associated with the K = 0+

4 band (0+ 8.7 MeV, 2+ 9.0 MeV,
4+ 10.8 MeV) with a 4p-0h excitation to the fp shell [3].
This band lies at a similar excitation energy. Therefore it is
probable that the present 18O band corresponds to the 4p-2h
excitation with an α particle in the fp shell, and not the 6p-4h

configuration.
The positive-parity states are observed up to Jπ = 6+, but

recoupling the angular momenta of the valence particles in
the fp shell could produce spins up to 12+. It is possible that
some of the more weakly populated states at higher excitation
energy (Ex � 13 MeV) are associated with the continuation
of the band but owing to their higher spin are much more
weakly populated. In addition, the spin analysis of the present
measurements and those of Curtis et al. suggest that the
13.11-MeV state (13.00 MeV in Ref. [12]) has spin and parity
(2+, 4+). This state would thus not fall onto the systematics
of the bands already mentioned, and thus it is equally possible
that the higher excitation energy states are linked to an alternate
structure in common with that associated with the 13.11-MeV
state. Indeed, Fig. 7 indicates that there are several levels
with significant α widths that have not been placed in the
present systematics.

B. 20Ne

The states in 20Ne have been classified into bands, the
corresponding structures of which have been established [3].
The bands have been identified with the following shell-model
configurations:

(i) 0+
1 : (sd)4,

(ii) 2−: (p)−1(sd)5,
(iii) 0+

2 : (sd)4,
(iv) 0+

3 : (p)−4(sd)8,
(v) 0+

4 : (fp)4, and
(vi) 0−: (sd)3(fp)1.

We expect that in the 2p transfer the states associated
with the Kπ = 0+

1 , 0+
2 , 0+

3 , and 0− configurations will be
dominant. Indeed (as indicated in Table II) the states of
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such configurations are excited. It should be noted that the
strengths of the states observed in the present excitation energy
spectrum is, beyond acceptance effects, a function of both the
excitation and decay probabilities. Thus, the population of
the bands is modulated also by their α-cluster content. In this
respect the Kπ = 0+

1 , 0−, and 0+
4 bands are believed to possess

well-developed cluster structures [3].
In the case of the 0+

1 band we observe the 6+ state at
8.77 MeV and possibly the 8+ state at 11.95 MeV. The
0+

2 band’s 6+ state at 12.585 MeV is clearly seen and the associ-
ated 4+ state may correspond to the low-energy shoulder on the
10.28-MeV peak. Finally, the 5− member of the Kπ = 0−
band is the strongest feature of the spectrum, but there is little
evidence for the 13.69-MeV 7− member.

The strong population of the 5− member of the Kπ = 0−
band would in part be explained by the well developed
α-cluster structure of this state, enhancing the decay probabil-
ity. The nonobservation of the 7− member could be explained
by the maximum spin that can be generated from the transfer
of one nucleon to both the sd and fp shells (6h̄). This suggests
that recouplings in the 18O core do not play a dominant role
in the reaction. In the case of the ground-state band, where
the 6+ and 8+ members are seen, recoupling of the valence
neutrons in 18O is required to generate the observed spin, and
this would explain their weaker population.

The 2− and 0+
4 bands are not observed, as expected, because

in the former case the 16O closed shell must be excited, and in
the latter the two valence neutrons in 18O must be excited to
the fp shell—these are both second-order processes.

Interestingly, members of the 0+
3 band are observed

[(p)−4(sd)8]. The 4+ member of the 0+
3 state is seen at

9.031 MeV and there may be a contribution to the 12.53-MeV
peak (which is much broader than would be expected based on
the experimental resolution) from the 12.137-MeV 6+ state.
This would indicate that either 4p-4h excitations of the 16O
core of 18O play an important role (but again this would be
expected to be a second-order process). Alternatively, it may
be that the structure of the 0+

3 band is much more complex
than a simple (p)−4(sd)8 configuration and contains important
components from other sd-shell configurations.

C. 22Ne

Using the 18O + α resonant scattering reaction [9], a num-
ber of resonances in 22Ne were observed in the excitation en-
ergy range probed here. Their properties are listed in Table III.
Most significantly, it was observed that a negative-parity band
was the strongest feature, with the 1−, 3−, 7−, and 9− members
(the 5− states being unobserved) forming a set of doublets.
This band was believed to be the analog of the Kπ = 0− band
in 20Ne [9]. In 18O the negative-parity Kπ = 0− band would
have the configuration (sd)1(fp)1 and in 20Ne (sd)3(fp)1.
Thus, given that the negative-parity band in 22Ne mirrors that
in 20Ne [9] the band may have a (sd)5(fp)1 configuration.
In the current measurements we observe the 9− state with
the largest α-decay width (21.84 MeV), and possibly some
of the yield close to 20.85 MeV may be associated with the
other member. The two 7− states in the resonant scattering

measurements are located close to an energy where we claim
the parity is positive and the correlations may reflect J = 6.
Nevertheless, the quality of the data is such that we cannot
exclude some J = 7 contribution. The 3− states are at the
low-Ex extreme of the present excitation energy spectrum and
thus are suppressed by the reduced detection efficiency. The
present measurements provide no evidence for 5− states. In
addition to the negative-parity states, we observe states of
positive parity not identified in Ref. [9].

The most striking feature of the data is the very small cross
section for the population of states in 22Ne, a feature also
observed in two previous measurements of α transfer onto 18O
from 14C [12] and 9Be [13] targets. In part this will be linked to
the α-decay widths of the states. As can be seen from Table III,
for the negative-parity states the reduced widths compared to
the Wigner limit are found to be significant [9] for the 9−
states, but the α-decay width is reduced by the presence of the
centrifugal barrier. For the lower spin states the γ 2

α /γ 2
W ratios

are smaller, indicating a less well developed cluster structure.
Thus, it is possible that the small cross section observed here
is linked to the fact that the states do not have a dominant
α + 18Ogs cluster structure. It is also possible that the excitation
process has a strong influence on the cross section. However,
simple angular momentum matching estimates suggest that,
over the region of excitation energy probed (10–22 MeV),
the population of states with spins (5–8)h̄ would be favored,
close to those expected from the resonant scattering studies.
Thus, we would conclude that the most significant differences
between the 20Ne and 22Ne decays in the present work are a
reflection of the α-cluster decay widths of the states, whereby
the cluster structure is suppressed in 22Ne compared with that
in 20Ne.

This conclusion agrees well with the systematics from
lithium-induced reactions. Experimental data on the d, t , and
α-cluster transfer in the (6Li,α), (7Li,α), (6Li,d), and (7Li,t)
reactions on light nuclei show that very strong transitions are
only observed if the target has an entirely empty sd shell [24].
And vice versa: The cross sections for α transfer fall off
sharply with increasing number of nucleons in the sd shell. This
suggests that the residual interaction of the valence nucleons
to a large extent destroys the cluster structure at the nuclear
surface.

VI. SUMMARY AND CONCLUSIONS

The reactions 12C(18O,14C + α)12C, 12C(18O,16O + α)10Be,
and 12C(18O,18O + α)8Be have been used to investigate
α-decaying states in the nuclei 18O, 20Ne, and 22Ne populated
through inelastic scattering and 2p and α transfer, respectively.
Analysis of the angular correlations of the decay products
was used to confirm the energy-spin systematics of earlier
studies. In the case of 18O, an analysis of the results from
inelastic scattering, resonance scattering, and α transfer has
been used to arrange the states into rotational bands that have
well-developed cluster structures. These bands are found to
be the analogs of those in 20Ne. This mirroring of cluster
states in 18O and 20Ne may be traced to the common features
of 14C and 16O, which form the basis for the corresponding
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core + α cluster systems. Both 14C and 16O have very similar
level structures, indicating the strong influence of the neutron
closed shell in 14C. Thus, it appears that 14C behaves as a
closed-shell 16O nucleus in states in 18O with large cluster
parentages. An analysis of the cluster bands populated by
the 2p stripping onto 18O provided good agreement with the
adopted configurations for the Kπ = 0+

1 , 2−, 0+
2 , 0+

4 , and 0−
bands in 20Ne. However, the data suggested that the proposed
(p)−4(sd)8 configuration for the 0+

3 band may be mixed with
other (sd)4 configurations. Finally, the analysis of the states in
22Ne populated in the α transfer onto the 18O indicated that the

reaction proceeded with an anomalously small cross section
and this was interpreted as arising from a reduced degree of
18Ogs + α clusterization in 22Ne.
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