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An excitation function for resonance elastic scattering ofa particles on18O and18Ne was measured using
the method of inverse geometry with a very thick target. Spectroscopic information was obtained for 23 levels
in the excitation energy region from 11.9 to 13.7 MeV in22Ne. Twelve of them are new. General features of
a-cluster bands in22Ne are analyzed in the framework of the potential model with a deep potential well.
Predictions for the 11− level in 22Ne, as well as for the isotopic shift of the cluster levels in22Mg, are given.
Evidence is presented that new perspectives on the study of nuclear structure and nuclear spectroscopy can be
obtained in complimentary measurements ofa-cluster states in mirrorNÞZ nuclei.
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I. INTRODUCTION

Knowledge ofa-cluster structure is mainly based on in-
vestigations of lightN=Z nuclei [1,2]. The most detailed
investigations ofa-cluster structure in the16O and20Ne nu-
clei were the result of long-term studies of elastic resonance
scattering ofa particles on12C and16O targets[3–6]. A very
clear and beautiful picture of quasirotational bands of levels
with largea-particle reduced widths was found in these nu-
clei, which manifested a molecular structure of cluster levels.
The data on20Ne have been reviewed by Richards[7], who
grouped the levels into several cluster bands. It was shown
that the 0− band was characterized by an extremely large
reduced width fora decay to the ground state of16O. Much
less is known abouta-cluster structure inNÞZ nuclei. Many
theoretical calculations have suggested that clustering re-
mains in systems composed of a collection ofa particles and
valence nucleons. The most recent results, using the molecu-
lar orbital model, can be found in Ref.[8,9] (see also Refer-
ences there). The notion of a “dimer” for a two-center struc-
ture and “polymers” for multicenter(chain) states was
introduced by von Oertzen. In a series of papers[10–12], he
compiled the information on the existence of dimer struc-
tures in 9Be and10Be, as well as the possible existence of
further dimers and polymers. He also found a rapid increase
of moment of inertia for the dimer states. Older references
with similar ideas can be found in Ref.[11].

Investigations of the cluster structures inNÞZ nuclei
have been handicapped by experimental difficulties. Re-

cently, several groups tried to reach cluster states in neutron-
rich nuclei by means of radioactive beams. First, Korshenin-
nikov et al. [13] found evidence for states in12Be with a
possible a+4n+a structure. More recently, evidence for
similar structures were found in12Be [14] and 10Be [15].
These very interesting results, with only a few tentative spin
determinations, do not yet lead to a clear picture but are
rather evidence of the interest in the problem.

In summary, the little information(both theoretical and
experimental) that is so far available on molecularlike struc-
tures in NÞZ nuclei is related to the neutron-rich side
sN.Zd (mainly the heavy isotopes of Be and C). No infor-
mation is available on these exotic structures in nuclei with a
proton excess. There is no clear understanding of what will
happen to cluster structure when valence protons are substi-
tuted for valence neutrons.

The study of non-self-conjugate nuclei has an advantage
in that one can investigate isobaric analog states in mirror
systems. Comparison of the results for both systems can
bring new spectroscopic information and shed light on such
properties as the radii of the cluster states. The thick target
inverse kinematics method[16,17] gives the possibility to
obtain data for mirror nuclei using both conventional and
radioactive beams. First results on investigation of22Ne
a-cluster states by means of the thick target inverse kinemat-
ics technique were reported in Ref.[18]. The present work
concentrates on a detailed comparison of data in the region a
few MeV above thea decay threshold in22Ne with existing
data obtained by conventional methods[19,20]. It is well
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known thata capture by18O plays an important role in as-
trophysics[21]. The lowest levels, which are in question in
this work, are positioned about 2 MeV above the threshold
for a-particle decay. The extrapolation of thea-particle re-
duced widths to lower energies can be important, while di-
rect experimental data are scarce.

The present work also presents the first data on the exci-
tation function for resonance scattering of18Ne on4He using
a radioactive beam of18Ne.

II. EXPERIMENT

A. Method of inverse geometry with a very thick target

The method of inverse kinematics using a very thick tar-
get originally was proposed at the Kurchatov Institute to
study the resonance interaction of heavy ions witha particles
[16,22]. The main idea is as follows. A beam of heavy ions
enters the scattering chamber through a thin foil. The cham-
ber is filled with a target gas(helium fora-scattering experi-
ments), and the pressure of the gas is adjusted so that the
beam stops completely before the detectors, which are placed
in the forward hemisphere including at 0°. Due to the big
difference in energy losses, a light recoil created in an elastic
scattering event of the beam particle on the nucleus of the
target gas can easily penetrate further through the gas. These
recoils are detected by an array of silicon detectors. Due to
the fact that elastic scattering kinematics is well defined, it is
clear that the energy of the recoil particle in the detector
directly corresponds to a given center-of-momentum(c.m.)
energy for the reaction.(Inelastic resonance processes can be
identified by a time-of-flight method[23,24].) The energy of
the beam decreases in the target due to energy loss to ioniza-
tion, from the maximum(equal to the initial energy of the
beam) down to zero. This means that the whole excitation
function can be measured in a single run. There are other
attractive features of this method. The beam of18O, for ex-
ample, is practically free from any admixtures, while it is not
possible to obtain a comparably pure18O target. Of course,
there could be small admixtures in the helium gas of the
target. However, thea-particle background from these ad-
mixtures can be neglected, because all nuclear processes are
much less probable in comparison with resonant reactions.
The possible admixtures in the helium gas can influence the
specific energy loss of heavy ions, though, and should be
taken into account in the cross section analysis. An addi-
tional important fact is the ease of making measurements at
0°s180°c.m.d where all resonance cross sections are maxi-
mal and the potential scattering is minimal. This advantage
can be especially important in attempts to study resonances
at very low energies(e.g., for astrophysical purposes). In this
case, conventional measurements are also desirable near
180° but they are difficult due to the small energy ofa par-
ticles scattered by a light target. The energy resolution of the
method depends on experimental conditions: it is best at 0°
(about 40 keV c.m.) for scattering of heavy ions on helium,
degrading at larger angles. It is much worse than in the con-
ventional excitation function experiments, but taking into ac-
count the other advantages of the method, it is still reason-
able to use it in studies ofa-cluster states in light nuclei.

B. The 22Ne experiment

The experimental investigation of22Ne was carried out at
the K-130 cyclotron of the University of Jyväskylä, Finland,
with an 80 MeV18O beam. The beam entered a large scat-
tering chamber via a 3mm thick Havar window.18O ions
backscattered from this foil were used to monitor the beam
intensity. The chamber was filled with helium gas of 99.9%
purity at a pressure of 360 Torr. An array of Si detectors
positioned in the forward direction was used to detect the
recoil a particles. A radio frequency(rf) signal from the cy-
clotron was used to get time-of-flight information. The ex-
perimental setup is sketched in Fig. 1.

C. The 22Mg experiment

The experiment dedicated to the investigation of22Mg
was carried out at the Centre de Recherches du Cyclotron
(CRC) at Louvain-la-Neuve, Belgium. A postaccelerated ra-
dioactive 18Ne beam having an energy of 53 MeV and an
average intensity of 53105 particles per second was used.
The experimental setup was very similar to that used in the
investigation of 22Ne. The only significant difference was
that in the22Mg case; due to the lower intensity of the radio-
active beam compared to a stable one, we were able to use a
microchannel plate detector in front of the scattering cham-
ber (before the entrance window), to detect each particle in
the incoming beam. This provided for better time resolution
(compared with the rf signal) and for better control of the
beam intensity. Improved timing allows for a more clear
separation between elastic scattering and all other processes
as discussed in Ref.[23].

A short run was also made with a set of thin Mylar foils
positioned in the helium gas. The dips in thea-particle spec-
trum, related to the foils, were used to check the calculations
of the 18Ne energy loss in the gas.

III. ANALYSIS AND RESULTS

A. 22Ne

Excitation functions for elastic scattering ofa particles on
18O at 20 different angles were measured in the excitation-

FIG. 1. Experimental setup for the22Ne experiment.
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energy range from 11.8 to 22.2 MeV. In this work, we
mainly consider the low-energy range from 11.8 to
14.0 MeV (c.m.). In this energy region the angular distribu-
tions were measured from 180° down to 135°(c.m.). This
slightly exceeds the region over which all Legendre polyno-
mials of order higher than two have their first minimum.
Except at 0°, the same laboratory angles correspond to dif-
ferent c.m. angles for different regions of excitation energy
in our setup. The low-energy part of the excitation function
(up to 12.5 MeV) was measured with a step of about 4° c.m.
The corresponding low-energya particles could not reach

the detectors at the largest angles, since they stopped in the
gas. The high-energy part of the excitation function was
measured with a step of about 2°(c.m.). The absolute values
of the cross sections were obtained with a precision of 25%,
mainly related to the determination of the beam current. The
data were normalized to fit low-energy Rutherford scattering;
the normalization factor obtained was 1.1. The excitation
function measured at 0° laboratory angle is shown in Fig. 2.
The inset(b) gives the excitation function reported in Ref.
[20] in comparison with the corresponding region of excita-
tion function determined in the present experiment. The con-
tinuous lines show the results of the best fits to both works
(see below). The difference in the quality of the fits is mainly
the effect of taking into account the higher excited states in
the present work.

The excitation functions shown in Figs. 2–7 were ana-
lyzed according to the method proposed by Hausseret al.
[25] and Billen[6]. Following the procedure outlined in Ref.
[5] and successfully used by the Wisconsin group(see Ref.
[26], and references therein), we separated the scattering am-
plitude into a nonresonant term plus the sum of resonant
partial waves. For spinless particles, the scattering amplitude
can be written as

fsud = fcsud + rsudexpsixd −
i

2k
o
m

s2lm + 1d
Glm

G

3fexps2iblm
d − 1gexpf2isflm

+ vldgPlm
scosud,

s1d

wherer andx are the background amplitude and phase shift,
b, is a resonant phase shift,f, is a relative background

FIG. 2. Excitation functions for elastic scattering ofa particles
on 18O measured at 0° in lab systems180°c.m.d. Inset (b) shows
data from Ref.[20]. Inset (a) shows the corresponding data mea-
sured in this work.

FIG. 3. Excitation functions for elastic scattering ofa particles
on 18O from 11.76 to 12.36 MeV. Different curves correspond to
different detector angles. The solid lines are the convoluted
R-matrix fit; dashed lines represent the unconvoluted fit. Values
under the curve are the bias factors, which were used to create the
plot.

FIG. 4. Excitation functions for elastic scattering ofa particles
on 18O from 12.36 to 12.96 MeV. Different curves correspond to
different detector angles. The solid lines are the convoluted
R-matrix fits; dashed lines represent the unconvoluted fits. Values
under the curve are the bias factors, which were used to create the
plot.
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phase shift, andfcsud andvl are the Coulomb amplitude and
phase shift. The cross section is given by

ds

dV
= ufsudu2. s2d

The resonance phase shift is

blm
= arctanF G

2sEresm
− EdG . s3d

The background amplituder was assumed to be smoothly
dependent on energy and was interpolated by straight lines
connecting a set of energy pointssfour points for the 4 MeV
excitation intervald. In order to reduce the number of free
parameters, the background phase shiftx was taken to be
zero. Phase shiftsflm

were fixed for each resonance and
were not varied with angle. It is relatively simple to de-
termine the starting parameters for resonances in the low-
energy region. Very often, the width of the resonance is a
good indication of the spin. Also it is helpful to know that
the phase shift is essentially the Coulomb phase in this
low-energy region. The known dataf19,20g were used ini-
tially only to provide for an approximate position of
strong, broad resonances. As a rule, an evident irregularity
in the 180° excitation function served as a hint for the
presence of a resonance. The best fits, convoluted with the
experimental resolution, are shown as solid bold curves in
Figs. 2–7. The dashed curves present the nonconvoluted
best fit. Table I collects data obtained in the present work
and in Refs.f19,20g.

B. Resonances between 11.76 and 12.96 MeV

1. The lowest-energy resonance at 11.88 MeV„1-
….

This resonance could be observed at only a few angles in
the vicinity of 180°. The anomaly at 180° corresponds to a
stronger resonance than reported in Ref.[19,20]. However,
the precision of the parameter determination is not certain
due to the very high sensitivity of the calculations to the

FIG. 5. Excitation functions for elastic scattering ofa particles
on 18O from 12.96 to 13.46 MeV. Different curves correspond to
different detector angles. The solid lines are the convoluted
R-matrix fits; dashed lines represent the unconvoluted fits. Values
under the curve are the bias factors, which were used to create the
plot.

FIG. 6. Excitation function for elastic scattering ofa particles
on 18O in an energy interval where two strong 3− levels were ob-
served. The solid curve is the unconvoluted fit with 3− spin-parity
assignment; the dashed and dotted curves show calculations for 2+

and 4+ assignments, respectively.

FIG. 7. Excitation functions for elastic scattering ofa particles
on 18O from 13.5 to 13.96 MeV. Different curves correspond to
different detector angles. The solid lines are the convoluted
R-matrix fits, while dashed lines represent the unconvoluted fits.
Values under the curve are the bias factors, which were used to
create the plot.
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beam energy spread in the gas. The parameters of the reso-
nance were obtained rather to illustrate possible uncertainties
at the end of the investigated region. The influence of the
lower-energy resonances on the parameters of the
11.88 MeV resonance was checked. Inclusion of the closest
strong 1− resonance at 11.76 MeV[19,20] has only a minor
effect.

2. 0+ resonances at 12.02 and 12.25 MeV

These strong, broad resonances are evident over a large
enough angular interval to reject the 1− possibility. They are
rather close to each other so a formula for two interfering
levels with the same spin and parity might be appropriate
here. A corresponding analysis[19] showed only small dif-
ferences in comparison with the simple expression(1); the
correction can be taken into consideration by means of small
changes of the phase shifts of these resonances using expres-
sion (1).

3. 1− resonances at 12.28, 12.57, and 12.82 MeV

The resonances at 12.57 and 12.82 MeV are strong and
were observed over the full angular interval of the present
measurements. The resonance at 12.28 MeV is weaker and
positioned near a strong 0+ resonance. Its effect is mainly to
fill in the minimum at 12.22 MeV. The parameters of this
level are obtained with a somewhat worse precision. All
three resonances were observed in Ref.[20].

4. 2+ resonances at 12.39, 12.61, and 12.80 MeV

Relatively small anomalies at 12.39 and 12.61 MeV can
be followed practically throughout the total angular interval
of these measurements.(At the angles most distant from
zero, the anomalies were smeared out due to the worse reso-
lution.) This was considered as an indication for low spin
(less than 3). The final identification was made by their de-
tailed angular behavior and by the phase of the best fit. The
resonance parameters agree with previous work[19,20]. The
resonance at 12.80 is close to the minimum of the strong 1−

(12.82 MeV) state. There is no evident manifestation of the
12.80 MeV resonance found in Ref.[20] in our data. After
inclusion of the resonance, however, the fit to the minimum
near 12.8 MeV was improved. The specific parameters of the
resonance are the result of this best fit procedure.

5. Other 2+ resonances

Two additional 2+ levels were claimed in Refs.[19,20].
The inclusion of the 11.92 MeV resonance, with a tentative
2+ assignment[19,20], slightly deteriorated the fit. The
change of the resonance spin to 1− slightly improves the fit.
The inclusion of the 12.48 resonance, with a tentative 2+

assignment[20], slightly improves the fit. However, the ef-
fects were too small to make definite conclusions in either
case.

6. 3− resonances

A sharp 3− state is found at 12.89 MeV in agreement with
the analysis of Ref.[20]. The total, previously investigated,

TABLE I. Parameters of the22Ne resonances observed ina
+18O elastic scattering. Levels at 12.99 MeV and above are from
the present experiment. Uncertainties of resonance excitation ener-
gies are within 10 keV. See text for details.

Level Eexc Jp Gtot Ga /Gtot ua
2 Reference

(MeV) (KeV) (%) (%)

1 11.70 2+ 5 10 1.7 [19]

2 11.76 1− 11 28 3.1 [19]

11.76 1− 11 31 3.1 [20]

3 11.88 1− 10 56 7 This work

11.89 1− 10 36 2.3 [19]

11.89 1− 10 34 2.1 [20]

4 12.02 0+ 68 66 28 This work

12.04 0+ 57 51 8.5 [19]

12.04 0+ 66 53 9.1 [20]

5 12.25 0+ 76 100 19 This work

12.26 0+ 74 63 8.9 [19]

12.26 0+ 66 86 10.3 [20]

6 12.28 1− 51 10 2 This work

12.28 1− 66 10 1.6 [20]

7 12.39 2+ 99 6 5 This work

12.39 2+ 66 7 1.9 [19]

12.38 2+ 66 8 2.1 [20]

8 12.57 1− 105 35 8 This work

(12.57) s1−d (26) 46 (2.1) [19]

12.59 1− 131 36 6.9 [20]

9 (12.61) s2+d (124) (4) 3 This work

(12.61) s1−d (94) (49) (7.3) [19]

12.61 s2+d 25 3 0.2 [20]

10 12.70 3− 15 6 1 This work

11 12.80 2+ 50 12 2 This work

12.80 2+ 37 11 0.8 [20]

12 12.82 1− 170 53 12 This work

12.83 1− 140 59 8.8 [20]

13 12.89 3− 39 9 3 This work

12.88 3− 45 11 1.9 [20]

14 12.99 0+ 80 40 3

15 13.03 2+ 90 29 4

16 13.19 3− 79 39 13

17 13.21 0+ 81 39 2

18 13.40 3− 58 39 8

19 13.49 4+ 29 10 5

20 13.54 0+ 96 77 2

21 13.57 3− 136 12 4

22 13.65 s3−d 48 16 2

23 13.67 s2+d 41 12 ,1

24 13.69 s5−d 50 4 13

25 13.73 4+ 57 7 4

26 13.82 s2+d 51 7 ,1

27 13.88 4+ 46 7 3
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region between 11.8 and 13.0 MeV was thoroughly checked
for resonances which could have been missed before. The
continuous 180° excitation function measured in this experi-
ment gives a basis for a search of this kind. No new struc-
tures were found, apart from a hint for a resonance at
12.70 MeV. The inclusion of a narrow 3− resonance at this
energy improved the fit at the top of a broad maximum at
12.68 MeV. The anomaly(if it exists) can be seen at a few
angles in the vicinity of 180°.

C. Resonances between 12.96 and 13.46 MeV

The region from 12.96 to 13.46 MeV was studied in only
one other work[20]. No conclusions on spin assignments
were made due to difficulties of the analysis.

1. 0+ level at 12.99 MeV

The level manifests itself as a relatively small bump at
180°, and becomes one of the strongest resonances at smaller
angles. Its angular behavior makes the spin assignment un-
ambiguous.

2. 2+ resonance at 13.03 MeV

The level manifests itself as an evident dip at 180° which
is present up to extreme angles in this experiment. The phase
shift fit and angular distribution give evidence for a spin 2
assignment. However, this level is positioned between two
strong resonances(0+ and 3−), so that the precision of the
parameter determination could be reduced.

3. 3− resonances at 13.19 and 13.40 MeV

These two resonances are the strongest peaks at 180° in
the region in question. Due to interference, they affect all
excitation functions at angles where these levels dominate.
Figure 6 gives examples of the description of the region of
the 3− resonances at different angles, including the minimum
of the Legendre polynomial of order three. The comparison
with fits corresponding to assumptions of other spins for
these two states(2 or 4) are also given. To make the com-
parison, the 180° excitation function was fitted under as-
sumptions that the dominant resonances correspond to spins
2, 3, or 4. All other resonance parameters were changed to
obtain the best fit. In this way, a good fit could be obtained
for 180°, and the fit is still rather good at 176°(see Fig. 6)
for different spin assumptions. However, it is evident from
Fig. 6 that the results are quite different as one moves further
from 180°. Even in the limited angular interval of the present
work there are evident differences in the fits corresponding
to different assumptions for the spin assignments. In addi-
tion, the phase shift has the wrong sign for spin 2 or 4 as-
signments.

4. Two weak resonances: (0+, 13.21 MeV) and (4+, 13.49 MeV)

The presence of these resonances is not very evident to an
inspection by eye. The 0+ resonance fills in the minimum
between two strong 3− resonances; without it the minimum is
too deep at angles far from 180°. Its inclusion decreasesx2

by 20% at 180° and by a factor of 2 at 152°. The 4+ reso-

nance improves the fit to the corresponding minimum at
180°, decreasingx2 by a factor of 3. Proof for both reso-
nances can be obtained from the 90° excitation function of
Ref. [20], which indicates the presence of even-spin reso-
nances at the energies in question.

D. Resonances between 13.5 and 13.96 MeV

It appears that the broad bump at 13.56 MeV collects sev-
eral contributing resonances. The most evident contribution
is from a zero-spin resonance at 13.54 MeV. Its presence is
manifested by the sharp low-energy edge of the bump at
180° (this resonance also dominates at angles far from 180°,
providing for a broad maximum). A zero-spin resonance can-
not provide for the rather large cross section at 180°, and the
general falloff of the cross section from 180° corresponds to
a contribution fromL=3. All other contributing resonances
are a result of the detailed fit. Unfortunately, the deterioration
of resolution at angles further from 180° results in a smear-
ing out of the sharp and relatively strong 5− resonance,
which otherwise could easily be observed as a minimum at
large angles(see the dashed curve in Fig. 7). Hence, the
parameters of the resonances in question should be consid-
ered as tentative.

IV. COMMENTS ON THE AGREEMENT WITH PREVIOUS
EXPERIMENTAL RESULTS

A check of the overall precision is important for this
method. There are several factors which can make the
present approach less reliable than the conventional reso-
nance scattering measurements. While an accelerator defines
the energy of interaction in conventional studies, in this
method the energy calibration of each detector is of primary
importance. Moreover, the energy deposited in the detectors
must be corrected for the energy loss of recoils in the gas.
The latter, in turn, depends upon calculations of energy loss
of the incident heavy ion beam. Therefore, it is clear that
many parameters must be controlled during the present mea-
surements and one has to rely on the energy loss data. The
effect of energy loss data on the general precision of the
excitation energy determination depends upon experimental
conditions. The closer the beam stops to a detector, the
greater the influence is on the low-energy part of the spec-
trum. Under our experimental conditions, a systematic 7%
error in the energy loss data would result in 30 keV errors in
the excitation energy for the lowest states, while uncertain-
ties in all other parameters would not exceed 20 keV. As can
be seen in Table I, the average difference between the present
data and the existing results[19,20] for ten resonances is
10 keV. The small differences do not show a definite trend.
Also, it is worthwhile to note that a direct detailed compari-
son of the experimental data of the present work with the
data of Refs.[19,20] is not possible due to the different ex-
perimental approaches. The comparison of the results of the
analysis was made, but the analysis of the data in the two
cases was different. In particular, it is important to note that
in the previous analyses the influence of higher-energy reso-
nances was neglected. Taking all this into account, it seems
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reasonable to conclude that the errors of the resonance ener-
gies (including the analysis errors) are within 10 keV. We
also believe that differences in other resonance parameters
are mainly due to the different analysis approach. The values
of the absolute cross sections agree within 20%.

V. 22Ne a-CLUSTER LEVELS IN THE FRAMEWORK OF
THE LOCAL POTENTIAL MODEL AND THE

DISCUSSION OF THE 22Ne RESULTS

Largea-particle reduced widths are the main basis to use
a potential model for the description ofa-cluster states. In
the case of a two-body interaction of ana particle with a
core, the Pauli principle should be naturally taken into ac-
count. This can be accomplished phenomenologically by in-
troducing a repulsion at small interaction distances, directly
specifying the surface character of the interaction[27,28]. It
can also be carried out by using a deep interaction potential
[29,30]. The deeply bound states in this potential are very
similar to the states forbidden by the Pauli principle.

The physical state wave functions should satisfy the Wil-
dermuth condition, i.e., the assumption that thea cluster is
made of valence nucleons whose quantum numbers with re-
spect to the core must correspond to nucleon orbitals above
the Fermi surface of the core nucleons. Thuso2ni +,i =2N
+L, whereni and ,i are the node numbers and the angular
momenta of the nucleons, which constitute thea cluster, and
N andL are the same quantities for the cluster as a whole. In
reality, the single-particle structure of the nucleons in the
cluster is not obvious, so the core structure determines the
minimal value ofN. For the a+ 16O system, the minimal
value for the sumo2ni + l i is 8, due to the known shell clo-
sure in16O. This gives four nodes forL=0 wave functions.
For the 22Ne states in question at excitation energies above
12 MeV, we used wave functions with five nodes forL=0 or
1. The number of nodes for other orbital momenta was cal-
culated in accordance with the Wildermuth condition. Rather
routine parameters of the Woods-Saxon potential(R=1.25
3181/3 fm anda=0.63 fm) were used. The fit to the centers
of gravity of the 0+ and 1− states resulted in the depth of the
potential, −138.7 MeV and −162 MeV, correspondingly.
This potential is similar to the one obtained in Ref.[31],
where discrete ambiguities in nuclear optical potentials were
resolved for elastic scattering ofa particles.

Figure 8 presents the excitation energies for negative par-
ity states together with the potential model calculations. As
can be seen, the potential model with the same parameters
describes the positions of the higher members of the negative
parity band quite well. The potential approach also gives a
sum rule for the widths of groups ofa-cluster levels with the
same spin value. Theua column of Table I gives the ratio of
a-particle widths of the levels to the single-particle limit.
The latter were the widths ofa single-particle states gener-
ated by the potential approach. The positions of the gener-
ated states were fitted to the experimental ones by adjusting
the depth of the potential well. This approach gives a more
reliable estimation of the single-particle width than the con-
ventional Wigner limit used in Refs.[19,20]. For example,
the reduced widths of the 1− s5.79 MeVd and 3− s7.16 MeVd

states in20Ne will be about 0.9 of the single-particle width
generated by the similar potential, while these states are clas-
sical examples of purea-cluster states.

As can be seen from Table I, the 0+, 1−, and 3− states in
22Ne exhaust about 1/3 of the single-particle limit, giving
credit to the cluster structure of the states in question as well
as to the value of the width limit. The comparison of the
values of ua obtained earlier[19,20] and those from this
work, show clear differences in the absolute values ofua,
while the experimental data onGa (which is the product of
the width of the state onGa /Gtot ratio) agree rather well.
These differences are the result of the different choice for the
single-particle limit and of the choice of a larger radius to
calculate the Coulomb wave functions in Refs.[19,20]. The
relative values ofua generally agree much better except for
the case of two 0+ resonances at 12.0 and 12.3 MeV. For
these states our analysis gives a largerua for the 12.0 MeV
state, while the previous data[19,20] gave a largerua for
12.3 MeV level. This is a result of the influence of the
nuclear potential.

Considering the values of the reduced widths, it is worth-
while to note that the single-particle values, used in this
work, are obtained with a “reasonable” cluster potential. The
effects of antisymmetrization and the specific behavior of the
cluster wave function were taken into account. However, we
assumed that the potential parameters are the same for all
states in the cluster band. It is known that the well depth of
the phenomenological optical potential depends upon energy
[31]. While the specific predictions of the microscopic ap-
proaches are absent in this case, the uncertainty of the single-
particle width can be obtained using the known variation of
the parameters of the optical potential for the elastic scatter-
ing of a particles(see Refs.[3,31]). As a rule, the well depth
parameters are within the interval 140–180 MeV. The well
depth variation can be compensated by the radius variation to
keep the energy of the generated states unchanged. Radius

FIG. 8. Energies of negative parity states, together with the po-
tential model calculations. The diameter of the points representing
the resonances is proportional to the ratio of reduceda width to the
single-particle width. The diameter of the points for 9− resonances
was scaled down by a factor of 4.
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variation in its turn influences the single-particle limit. Tak-
ing the corresponding changess<0.3 fmd of the potential
radius into account, the uncertainty of the single-particle
widths (and the reduced widths) for the low-spin (broad)
states is 20%, and for high-spin(narrow) states can be up to
70%.

It was claimed in Ref.[18] that the dominanta-cluster
strength is concentrated in doublets of levels with the same
spin value. The present results on low-spin states do not
contradict this conclusion. However, taking into account all
available states with the same spin one finds that there is
some spread of the reduced widths over a few states. Figure
8 presents a distribution of experimental reduceda-cluster
widths (as a ratio to the single-particle width) for the 1− and
3− states. It can be seen there that a few levels within a
1 MeV energy region exhaust over 30% of the single-
particle limit. There are no strong 1− or 3− states at higher
excitation energy, near the region in question. If there are any
1− and 3− states at higher energy, they cannot have substan-
tial reduceda-cluster widths due to the rapid increase in
penetrability factors. The number of observed states with the
same spin is close to the number evaluated from predictions
of statistical models. If one assumes that the spread can be
related to a mixture of a cluster state with the continuum
states, the matrix element of the mixture would be about
0.5 MeV. A better understanding of this situation could result
in the prediction of thea-cluster widths of the resonances
near the threshold fora decay. Also it seems very important
to find the next member of the band, that is, the 11− state(s),
predicted at about 25 MeV excitation energy in22Ne. The
observation of this state will be very important to check the
idea of the doubling ofa-cluster levels in22Ne [18], as well
as to confirm the ideas of the potential approach to the de-
scription ofa-cluster states.

There are no data on high-spin states for the positive par-
ity a-cluster band. Two strong 0+ low-lying resonances, to-
gether with new 0+ resonances with smaller reduced widths,
exhaust more than half of the width. It is not possible to fit
the position of the 0+ resonances with the values of the po-
tential parameters found for the negative parity band. Keep-
ing the same number of nodes in the wave function, one
needs to decrease the depth of the potential well by 15% to
−138.7 MeV. If we take the number of nodes equal to 6, the
required changes are somewhat bigger. The relative positions
and widths of low-spin members of the band are weakly
dependent upon this choice. It is known for16O and20Ne [7]
that the degree of clusterization is smaller for the positive
parity states, and the need to change the potential to describe
both positive and negative paritya-cluster bands in other
light nuclei is also known[32]. Therefore, more data on the
higher members of the positive parity band are needed to
specify the features of this band in22Ne.

The 18Ne+a data

The spectrum of states in22Mg should be identical to that
in 22Ne if one neglects the Coulomb interaction. It is clear
that the Coulomb interaction increases the mass of22Mg
relative to 22Ne. In the same way, the levels in22Mg are

moved up relative to18Ne+a, and that is the main reason for
the 1.5 MeV difference in the thresholds for thea decay in
22Mg and22Ne (the threshold being lower in22Mg). There is
an even greater difference between the threshold for proton
decay in22Mg and the mirror neutron decay in22Ne. In 22Ne,
thea decay threshold is the lowest, while in22Mg the thresh-
old for proton decay is 2.6 MeV lower than thea decay
threshold. These factors can influence the similarity which
would otherwise be expected for the excitation functions of
elastic scattering ofa particles on18Ne and18O. Figure 9
gives both excitation functions in comparison. It is rather
evident from Fig. 9 that the dominating doublet in22Ne is
not present in the22Mg spectrum(its expected position in the
a+ 18Ne spectrum is indicated by the arrow).

The quality of the22Mg data is not sufficient to make an
independent analysis of these data. Therefore, the following
procedure of analysis was chosen. We assume that the levels
with the same spins define the excitation functions of elastic
scattering of18O+a in the region from 11.8 up to 12.9 MeV,
and of elastic scattering of18Ne+a in the region with the
approximate borders from 11.8 up to 13.0 MeV. Naturally,
the basis for this assumption is the isobaric invariance of
nuclear forces and the fact that the resonances in22Ne in the
energy region in question were studied in three experiments
(the present work and Refs.[19,20]). Therefore one does not
expect a new strong resonance in the22Mg spectra which has
not previously been evident in the22Ne spectra. The opposite
case is possible. Due to the larger number of open channels
for nucleon decay in22Mg some resonances found in18O
+a scattering may not be evident in the18Ne+a interaction.
As can be seen in Fig. 9, a good fit to the part of the18Ne
+a excitation function can be obtained in this way. This fit to
the single-angle data is not unambiguous because the total
width and the resonance strength cannot be taken from the
22Ne data. More reliable data can be obtained on the reso-
nance energies. The tentative spin assignments for low-spin
resonances are given in Table II. We compared the relative
positions of the resonances found in22Mg with the positions

FIG. 9. Excitation functions fora+18O (top) anda+18Ne (bot-
tom). The arrow on the bottom panel points to the expected excita-
tion energy of the strong 3− doublet, observed in the22Ne spectrum.
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of their mirror states in22Ne. The level shift averaged over
seven resonances appears to be 1.20±0.14 MeV. While this
value, as well as the shift for each resonance, can be influ-
enced by taking account of resonances outside the region
under consideration, this influence should be much smaller
than the quoted error. Therefore, it seems worthwhile to use
the value of the average level shift to check the potential
model. Figure 10 gives the values of the Coulomb shift
which should be observed for the negative parity cluster lev-
els in 22Mg. As can be seen here, the Coulomb shifts of the
22Mg levels relative to the mirrora-cluster states in22Ne are
dependent upon the spin of the state. Levels with different
spins (mainly 0+, 1−, and 2+) contribute to the excitation
region in 22Mg which is being analyzed. The calculations in
the framework of the potential model, with the parameters
fixed for the negative and positive parity states in22Ne,
showed that the Coulomb shift for 1− states is between that
for 0+ and 2+ states. Therefore the result found for the group
of states in22Mg can be compared with the calculations for
the 1− level, as shown in Fig. 10. The data point in Fig. 10
corresponds to the estimated average energy shift for the

states, obtained by the subtraction of decay energies of levels
in 22Ne from decay energies of corresponding states in22Mg
(0+, 1−, and 2+ states were used). The calculations agree
reasonably well with the observed shift. Simultaneously, this
shift, as well as the potential model prediction, is less than
the Coulomb difference coming from the values of the
thresholds fora decay in22Mg and in22Ne. The shift of the
structures can be seen even by eye in Fig. 9. In this regard, it
seems interesting to consider the main factors affecting the
values of the Coulomb shifts as calculated in the framework
of the potential model. It was found that reasonable
s<20%d variations of the potential parameters(including
changes of rc) result in only relatively smallsø200 keVd
variations in the Coulomb shifts.

The main factor which defines the dependence of the
Coulomb shifts upon the spin of a state is the number of
nodes in its cluster wave function. The higher the spin of the
state, the smaller is the number of nodes, down to a single
node for the 11− state in accordance with the Wildermuth
condition. The greater the number of nodes, the more the
wave function of the state is pushed to the surface of the
nucleus. This is the main factor which defines the general
behavior of the Coulomb shifts calculated in the framework
of the potential model. Therefore, if one can follow the Cou-
lomb shift for several members of a cluster band, it is pos-
sible to derive important information about the fundamental
features of the cluster wave functions.

Unfortunately, the 3− doublet is not evident in the22Mg
spectrum. Using the potential model predictions, we can de-
fine the expected position of the doublet in the spectrum,
shown by the arrow in Fig. 9. As follows from Fig. 9 if the
levels of the doublet are present at the predicted place, the
cross section for the population of these levels in22Mg is at
least ten times smaller than in22Ne. The available data are
insufficient to specify the reason for the absence of the 3−

doublet in the22Mg spectrum. To stress the interest in the
problem, we note that von Oertzen observed that the molecu-
lar configurations can be very sensitive to the Coulomb in-
teraction, and the same should be true for the unusual struc-
ture proposed in Ref.[18].

As can be seen in Fig. 9 there are many anomalies in the
22Mg spectrum at lower energies. The corresponding reso-
nances were not observed in the mirrora+ 18O scattering due
to the very small energies of thea particles. Generally
speaking, a proper study ofa+ 18Ne can bring information
about the states in22Ne which are very close to thea-particle
threshold, and maybe even below it.

VI. SUMMARY

The present study of the resonances in18O+a elastic scat-
tering gave information on 27 levels in22Ne. Fifteen new
levels were identified and data were obtained on their spins,
excitation energies, and widths.

First results were obtained for elastic scattering of18Ne
+a. They showed that the 180° excitation function evidently
differs from that of the(mirror) 18O+a elastic scattering.
The disappearance of the strong 3− resonances in the22Mg
spectrum cannot be explained at the moment.

TABLE II. Tentative spin assignment for22Mg levels.

Level Spin Energy

(MeV)

1 2 2.87

2 2 3.055

3 0 3.18

4 1 3.32

5 2 3.656

6 1 3.70

7 0 3.76

8 1 4.02

9 0 4.021

10 2 4.085

11 1 4.22

FIG. 10. Energy shift induced by the Coulomb interaction be-
tween22Mg and 22Ne cluster levels, relative to the threshold fora
decay. The dashed line shows the difference between the thresholds
for a decay in22Ne and22Mg. Data point(open circle with the error
bars) represents the average experimental value of the energy shift
for the states, obtained by subtraction of decay energies of22Ne
states from the decay energies of corresponding states in22Mg.
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In turn, the excitation function of the18O+a elastic scat-
tering differs from that for nearbyN=Z nuclei. The low spin
states with large reduceda-widths are close to thea-particle
decay threshold in all cases. However, the spectrum of these
states in22Ne differs from that in20Ne or 16O where the
states can be classified as members of a few quasirotational
bands. The disappearance of an essential part of thea-cluster
reduced width in22Ne is also a mystery. It might be that the
data on a larger excitation energy region can shed some light
on these problems. An analysis of these data will be pre-
sented in another manuscript. However, several general fea-
tures of thea-cluster bands could be described in the frame-
work of the potential model with a deep well. The potential
parameters are similar to the parameters of the real part of
the optical potential which describes elastic scattering of
low-energya-particles. The potential model predicts sharp
11− levels in22Ne at about 25 MeV excitation energy. It also
predicts the Coulomb shift of the mirror levels in22Mg,
which increases with the increase of the spin of the state. The
latter prediction can be considered as a specific reason to

proceed in the study ofa-cluster states using radioactive
beams.

The experimental study was made using the thick target
inverse kinematics method. A comparison with previous re-
sults showed that the method, which scans a large excitation
region, is quite reliable even for the excitation region close to
threshold fora decay. At present, the thick target and inverse
kinematics approach seems to be the only feasible way to
study resonance reactions with low intensity radioactive ion
beams.
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