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Abstract. High-spin states of Mg produced in the 'O+ '2C interaction and decaying into the
160y s. + ®Beg.s. channel have been observed in the excitation region between 35 and 52 MeV. Spins have
been assigned on the basis of the analysis of the measured angular correlations. Some of these states with
positive parity correspond to the known resonances of the 2C(*2C,®Beg.s.)*®O reaction belonging to the
160-2¢, rotational band of 2*Mg. Moreover other resonances show up at higher excitation energy with an
energy-spin relationship again suggesting a '®0-2« cluster structure for the associated configuration.

PACS. 25.70.Ef Resonances — 21.60.Gx Cluster models — 24.10.-i Nuclear-reaction models and methods

1 Introduction

The high-energy region of the 24Mg excitation spectrum
has recently showed interesting features that have been
related to the description of this nucleus in terms of
constituent a-particles and/or aggregates of a-particles.
At the beginning of the 90’s [1] an unusually large
(I' = 5 MeV) structure was found in the 2C +12C —
12C(03) + '2C(03) excitation function, corresponding to
a resonance at 46.4 MeV in 2*Mg. The tentative associa-
tion of this resonance with a very stretched configuration
of six a-particles in a line suggested the need for further
investigation and triggered a number of experiments in
this direction. The high excitation region of 2#Mg was in-
vestigated looking at the excitation functions of several
exit channels of the 12C + '2C interaction, for example in-
elastic scattering and transfer followed by multiple alpha
emission [2-7]. A large amount of information was then
deduced from these experiments which, on one side, did
not allow for any definite conclusion on the association of
the 46.4 MeV resonance with the 6« linear chain. On the
other hand, new data on high-lying states of Mg were
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made available, which could be associated with different
arrangements of the constituent a-particles, as predicted
by cluster models.

A conjecture from these measurements was then
made [8] concerning the existence in this 2*Mg excita-
tion region of at least two types of states populated in
the '2C + 12C interaction. A highly deformed 6a-cluster
structure was attributed to one type, leading to final states
where both the nuclei are excited above the a-particle
decay threshold. The other type was characterised by a
smaller degree of deformation, thus feeding outgoing chan-
nels below this threshold.

The excitation function of the 2C(12C, ®Beg 5 )160g 5.
reaction [9,10] showed in fact the presence of several res-
onant structures in the range F.,, = 20 to 36 MeV. The
angular distributions measured at the peak energies al-
lowed for spin assignment to each resonance and a linear
dependence of E.y, vs. J.(J + 1) was found. The slope
coefficient of about 90 keV, obtained by fitting these data
together with data at lower energies reported in the lit-
erature, turned out to be consistent with the moment of
inertia of the ®Bey s -1%0, 5. system in the rigid rotor ap-
proximation. Such states were then associated with the so-
called D1 configuration of Mg, described in the Cranked
Cluster Model [11] as a rotating system made of a 1604 ¢,
core plus two a-particles.
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In order to test the hypothesis of existence of differ-
ent structured states, a systematic study of a large num-
ber of reactions over a wide range of excitation energy is
required. This would allow also to inspect how entrance
channel effects might interfere in the formation of cluster
configurations.

An alternative way of studying highly excited nuclear
states consists in looking at the break-up of intermediate
systems formed in sequential three-body reactions. In par-
ticular, the advantage of this last method lies in the pos-
sibility of exploring an extended excitation energy range,
with a single beam energy. This technique was applied in
the 0 + 2C reaction to study the 0 + ®Be decay of
24Mg states up to about 35 MeV of excitation energy [12].

Here we report on a recent experiment performed on
the 10 + 2C reaction, aimed at the extension of the
study of 2*Mg and 60 states at higher energy decay-
ing into a-particles and/or subsystems of a-particles. In
the present paper the results obtained by looking at the
8Beg~5~—160g‘s‘ break-up channel of 2*Mg will be shown
and new information concerning the emitting states at
very high excitation energy will be discussed.

2 The experiment

The experiment was performed at the Laboratori Nazion-
ali del Sud in Catania, by using a 0 beam accelerated
to 109 MeV by the SMP Tandem and delivered onto a
natural-carbon target. Special care was taken in beam col-
limation in order to produce a beam spot on the target
smaller than 1 mm. The detection set-up consisted of two
different systems, placed on opposite sides with respect to
the beam direction. On one side a telescope, consisting of
a 50 x 10 mm?, 1 mm thick, silicon Position Sensitive De-
tector (PSD) and an Ionisation Chamber (IC) in front of
them, allowed for detection and identification of charged
products in the in-plane angular range of 25° to 35°. Four
arrays, each one consisting of a set of twelve 50 x 4 mm?,
0.8 mm thick, silicon PSD, covered the polar angular range
of 20° to 60° on the other side of the beam. These arrays,
later on called ASPEDs (Array of Silicon Position Energy
Detectors), were mounted symmetrically with respect to
the horizontal plane in such a way to cover an out-of-plane
angular range between —6° and 6°.

All detectors were sensitive to the position of the par-
ticle along the horizontal dimension and thus were able
to give information on the polar angle of emission. An in-
dication of the out-of-plane angle of the particle detected
in an ASPED is given by the position of the fired de-
tector in the array. Standard NIM electronic chains were
used to process the signals from the IC + PSD telescope.
The ASPED read-out was realised by means of front-end
electronic boards. Signals were preamplified and shaped
through a full custom chip OSCAR [13] and further am-
plified by operational amplifiers. In order to fit the char-
acteristics of this kind of detectors, the chip OSCAR was
specially designed using CMOS technique. Thanks to the
advantage of VLSI technique and to the dedicated design,
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Fig. 1. Relative-energy spectrum of two particles detected in
coincidence in the ASPEDs. The peak at 90 keV is due to the
2ar decay of Begs..

OSCAR has shown good performances in terms of noise
and linearity.

The trigger for the event acquisition was given by the
coincidence of a signal from the PSD + IC system and at
least another one from one detector of the arrays. Energy
and position informations were stored together with the
delay between the time signals for each coincidence event.

3 Data analysis and results

Events were selected according to the number of fired de-
tectors and analysed separately. Energy and position cal-
ibration of all the PSDs was performed using the data
acquired in preliminary runs of the 2C(*2C,a)?°Ne reac-
tion at several beam energies, after identification of the
many « peaks due to excitation of 2°Ne states. Data for
calibration were taken placing grids with vertical slits in
front of the detectors.

For the ASPED calibration, a new method was de-
veloped [14] which provides simultaneously energy and
position values from the combination of the two signals
collected at both edges of each detector.

For the purpose of the present paper we will refer only
to the analysis of events due to coincidences between an
oxygen ion identified in the telescope and two unidentified
particles hitting the arrays.

Assuming equal masses for the two particles detected
in the ASPEDs, their relative-energy spectrum was built.
Here, the peak around 100 keV indicates the dominant
emission of two a-particles emitted from a ®Be nucleus
in its ground state (fig. 1). Thus, the 1°0 + ®Bey s + «
exit channel is fully identified when events falling into the
oxygen locus of the AE — E telescope matrix (fig. 2) are
selected in coincidence with the events in the 8Beg.s_ peak.
The kinematics were reconstructed under the hypothesis
of mass 16 for the oxygen ions, leading to the Q-value
spectrum reported in fig. 3. Besides the small background
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Fig. 2. Typical AE — E spectrum obtained in the *°0 + 2C
interaction.
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Fig. 3. @ spectrum obtained from the coincidence detection
of a 0 nucleus with two unidentified particles, whose mass
was assumed to be 4.

mainly due to the residual ambiguity in particle identi-
fication, the spectrum is dominated by the peaks due to
excitation of particle-stable states of 160.

The identified *O nuclei are mainly in the ground
state or excited to the first two unresolved doublets of
states at around 6 and 7 MeV, respectively, lying under
the particle decay threshold.

The small peaks at more negative (Q-values were asso-
ciated with the low-lying unnatural parity states of 160 at
8.87 (07) and 10.96-11.08 (2~ and 3™, respectively) MeV,
whose particle decay is prevented by the parity conserva-
tion law.
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Fig. 4. 8Beg,s,-oe relative energy vs. 1603,5,-a relative-energy
plot. The horizontal and vertical loci correspond to 2C and
20Ne excited states respectively, and diagonal loci correspond
to 2Mg excited states.

The events involving 6O nuclei excited to the two dou-
blet states were not accounted for in the present analy-
sis since the mixing of different spins and parities would
prevent any unambiguous characterisation of the emitting
24Mg states. Thus, the analysis was performed by gating
on the 0 ground-state peak in the Q-value spectrum.

The 16Og.s. —|—8Beg.s. + « final state can result from
a number of different processes including the decay of
20Ne excited states into 150, 5 + a, 2C excited states into
8Beg,s, + o or 2*Mg states into 16Og,s,—8Beg,s, nuclei. Rel-
ative energies for any two of the three final particles were
then calculated in order to look for possible excitations of
their respective intermediate systems. Figure 4 shows the
selected events plotted on the ®Be, s + « relative energy
vS. 160g,5, + « relative-energy plane. This representation
shows both horizontal and vertical loci, associated with
peaks at excitation energies of 7.7, 9.7 and 13.9 MeV in
12C (horizontal loci) and 8.7, 11.9, 15.9 and 21.1 MeV
in 2°Ne (vertical loci). The peaks in 12C may be associ-
ated with its states at 7.65(07), 9.63(37) and 14.1(4%)
MeV, and in 2°Ne with its states at 8.77(6T), 11.95(8%),
15.87(8%) and 21.06(9~) MeV, previously observed in this
reaction [15,16]. There is a weak evidence of some diago-
nal loci crossing those associated with 2°Ne states, which
may be attributed to high-lying states in Mg decaying
into the 1GOg_S_—8Beg,S, final state.

Data were projected on the 160g,s,-8Beg,s, relative-
energy axis after selectively removing the background
due to 120(160,16Og.s.)120* reactions. The 16Og.s.—gBeg_s_
relative-energy spectrum so obtained is shown in fig. 5a.
The 2*Mg excitation energy (wa.S.—SBeg.S, relative en-
ergy + 14.1 MeV) is reported in the upper horizontal axis.
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Fig. 5. 16Og,5‘-8Beg,s‘ relative-energy spectra. a) contains the
coincidence data after removing the background due to the
12C(%90,1%0, . )12C* reactions; b) is obtained by making also
the in-plane data selection; c) is obtained by further exclud-
ing the contribution from contaminant decays of 2°Ne*. Mg
excitation energy is reported in the upper horizontal axis.

Several peaks appear indicating the formation of a
highly excited 2*Mg* intermediate system, which decays
into the 1603;‘5‘ + SBeg‘s‘ channel. A large background is
still present, mainly due to 2°Ne* + SBeg,s, channels. As
shown in fig. 4, their contribution is strongly mixed with
the process of interest, in a way which makes difficult a
selective separation in the spectrum.

However, the process under study, which consists in
a first-step emission of the 2*Mg* + « system, should be
very sensitive to the stretch condition [17], which forces
the relative angular momentum between ?*Mg*and « to
be aligned or anti-aligned with the 2*Mg* intrinsic spin. As
known, this coupling appears to be the most probable for
transfer reactions populating final states at high excitation
energy. Therefore, 150 and ®Be, coming from the decay
of high-lying states in 2*Mg*, are preferentially coplanar
with the first emitted a-particle and the reaction plane is
defined by the telescope position and the beam axis.
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The other competitive channels, fed by low-lying states
in 2°Ne* or '2C* have in principle equal chance to be emit-
ted in any reaction plane defined by the total angular-
momentum conservation law and by the geometry of the
experimental set-up. Thus in order to enhance the con-
tribution of the reaction under consideration and reduce
the background due to the other two processes, the copla-
narity condition between particles in the final state was
imposed, that is, events involving ®Be emission in the hor-
izontal plane were selected.

The 90, -®Be, . relative-energy spectrum so ob-
tained is shown in fig. 5b. Here, it is evident that the
constraint of coplanarity allows for a better definition of
the structures in fig. 5a, despite the lower statistics.

Dots in both spectra show the efficiency behaviour as
a function of the 160g,s,—8Beg,s, relative energy. The de-
tection efficiency was calculated for each angle pair of the
detected particles by means of a Monte Carlo simulation
code. A sequential break-up process was assumed to pop-
ulate the final three-body channel. The emission of frag-
ments in the centre-of-mass frame was considered to be
isotropic in both steps of the reaction. This assumption
does not affect the efficiency calculations, which are only
slightly sensitive to different shapes of angular distribu-
tions.

The spectrum in fig. 5b shows resonant structures with
characteristic widths around 1 MeV, ranging between 20
and 38 MeV. These widths are affected by our experimen-
tal relative-energy resolution which has been evaluated to
be about 250 keV. A set of peaks at 22.1, 26.3, (27.3),
28.5, (30.3) and 32.4 MeV can be associated with the res-
onances of the 12C(12C,8Beg_s_)160g,s, excitation function
measured in the same range of Mg excitation energy [9,
10].

For a further confirmation of the origin of the men-
tioned structures, a 160g,s,-8Beg,s, relative-energy spec-
trum, gated on the final-state interaction region free from
contaminant decays of 2°Ne, has been obtained and shown
in fig. 5¢. The structures are still present and even better
evidenced, although the statistics is strongly reduced.

An angular-correlation analysis was performed in order
to get information on the spin value of the observed res-
onances. Due to the low statistics, a meaningful analysis
could be performed only for the peaks marked by arrows
in fig. 5b.

Following the procedure of refs. [17,18], ®Beg s -1%0g 5.
coincidence events must be reported in the (6*,¥)-plane,
0* and ¥ being the centre-of-mass angle of the emitting
24Mg* and the angle between the beam axis and the di-
rection of SBeg,S, and 16Og_s_ emission in the 2*Mg* frame,
respectively. If a spin value is dominant in the decay pro-
cess, then the events are expected to fall on ridges whose
slope, which is constant close to the §* = 0 region, is re-
lated to the spin of the decaying system.

Figure 6a shows an example of 6*-¥ angular-
correlation matrix obtained by gating on the 34.5 MeV
structure in the 160g,s,—8Beg,s, relative-energy spectrum.
Figure 6b shows the corresponding correlation matrix cal-
culated by means of a Monte Carlo simulation code. The
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Fig. 6. The 0*-¥ angular correlation for the 48.6 MeV state
of #*Mg. Data are reported in a), while b) shows the results
of a Monte Carlo calculation. The full lines in both spectra
represent the calculated correlation matrix in the ideal case of
no dead angular regions between ASPEDs.

calculation was performed accounting for the same sensi-
tivity and performance of the detection system. A break-
up process of 2*Mg* was assumed to take place from a
level with a given intrinsic spin J (J = 17 in the fig-
ure). The contour lines drawn in both spectra refer to the
same calculation performed under the hypothesis that the
four ASPEDs are fused together into a single one cover-
ing the total experimental polar angular range (20°-60°).
These lines allow for a clear understanding of the ridge
behaviour otherwise strongly affected because of the dead
angular regions between the ASPEDs.

A fair agreement shows up between the experimental
0*-¥ matrix and the calculated one, although the statis-
tics is low. Distortion effects from the linear 6*-¥ relation
are also visible at large 6* angles, as already predicted in
ref. [18].

As known from refs. [17,18], the angular correlation is
obtained after projection of the data onto the 6* = 0 axis
along the slope of the ridges. The periodicity of such corre-
lation is expected to follow that of a Legendre polynomial
of order J, the dominant spin value of 2Mg*. Unfortu-
nately, the projection procedure is difficult to implement
at large 0* angles, due to the already mentioned distortion
effects from the linear slope.

However, in special cases when the direction of the
emitting nucleus is a symmetry axis for the correlation
function, an alternative way to obtain the information on
the spin J can be used [17]. The correlation function is
thus expressed in a simplified form, which does not depend
any more on both 8* and ¥ angles, but is proportional to
a Legendre polynomial with argument ¥/ = ¥ — 6y, be-
ing 6, the angle of the emitting 2Mg* in the laboratory
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Fig. 7. a) 0* vs. ¥ and b) 6* vs. ¥’ correlation diagrams, refer-
ring to the 34.5 MeV structure of the ®Og s -*Beg.s. relative-
energy spectrum and calculated under the same geometrical
conditions as for the full lines of fig. 6.

system [17]. The angular distribution of this new angle
simply carries out the required information on J in a way
which avoids the problem of the 6*-¥ locus distortion al-
lowing for using all the available data to carry out the
information on the spin.

Indeed, due to the coplanarity constraint imposed to
our reaction products, the 2*Mg direction of emission
turns out to be a symmetry axis for the system under
study, thus justifying the use of the simplified correlation
function.

Angular distributions were then calculated as a func-
tion of ¥’ by means of the Monte Carlo simulation code.
The two angles, 6* and ¥/, were extracted independently
in order to fulfil the symmetry requirement for which a
lack of correlation between them is expected. This pro-
duces the appearance of vertical ridges in the 0* vs. ¥’
plot whose periodicity again reflects that of the Legendre
polynomial of order J. For clearness, it is worth showing
both correlation diagrams, 0* vs. ¥ (fig. 7a) and 0* vs. ¥’
(fig. 7b), referring to the 34.5 MeV structure of the 16Og,s,-
8Bey 5. relative-energy spectrum and calculated under the
same geometrical conditions as for the contour lines of
fig. 6.

Examples of angular distributions obtained from the
data are reported in figs. 8 to 10 together with the calcu-
lations performed assuming intrinsic spin values for 24Mg*
of J—2, J and J+2, J being the spin value which can be
expected in the excitation energy range of the resonance.

Despite the low statistics, the reasonable agreement
between data and calculations makes us quite confident
on the validity of the approximation used. A dominant
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Table 1. Energy-spin systematic for the structures of fig. 5b. Row (a) reports on the spin presently estimated by means of

angular-correlation measurements within an uncertainty dJ =

+2; row (b) refers to the analysis of refs. [9,10]; row (c) reports

spin values calculated by means of the rotational expression of refs. [9,10].

24Mg _

160g.s4 + 8Beg.s4

E*(**Mg) (MeV) 404 414
a) J(6J = +2)
) J

¢) J from fit
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14.7

o

(16™)
14.4
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42.6
12%
14"
15.1

44.4 46.4
14*-16"
16*

16.4

47.4
14%

48.6
17~

50.9
18+

15.8 16.7 171 178

spin value can then be associated to each resonance, by
recognising the calculated oscillatory pattern that better
reproduces the experimental periodicity. Because of the
strong absorbing character of heavy-ion reactions at these
energies, one expects that the reaction under considera-
tion is mostly peripheral. Hence, the experimental period-
icity should reflect a Legendre pattern with [-value close to
lgraz. However, it has been shown by several authors [19,
20] that, in order to fit the full shape of such kinds of
angular distributions, a coherent contribution of several
partial waves is needed. Moreover, due to high-level den-
sity in this excitation energy region, states with different
spins may be expected to overlap in the same structure.
This appears to be the case also here, and local distor-
tions from a single Legendre polynomial pattern can be
seen from the data. Nevertheless it is possible to give an
estimation of the dominant J-value within an uncertainty
of £2h.

4 Discussion and conclusions

In table 1 the results of the present experiment are sum-
marised and compared with the data of refs. [9,10]. Row
(a) reports on the dominant spin assignment carried out
in the present angular-correlation measurement; row (b)
refers to the spin analysis reported in refs. [9,10]; row (c)
reports the spin values calculated by means of the expres-
sion Eisg-spe = 5.6 + 0.093J(J + 1) [9,10], which results
from the fit of data of refs. [6,18,21-24] and whose slope
fairly agrees with that of the D1 rotational band.

There is a nice similarity between the two sets of data,
as far as even-spin states are concerned. Among these, the
46.4 MeV resonance also shows up in the present data,
which has been so far observed only in a number of exit
channels of the '2C + '2C interaction and whose nature
has been the object of a wide debate.

Different models based on either the “strong-coupling
approach” (Shape Eigenstate Model) [25] or the “weak-
coupling approach” (Band Crossing Model) [26,27] suc-
ceeded in satisfactorily justifying the overall characteris-
tics of this resonance. Thus they left unsolved the question
of whether it is meaningful the association with a local
minimum in the Nilsson potential energy surface or on
the contrary the resonance simply represents a manifesta-
tion of entrance channel effects, as explained for example
in the BCM frame in terms of the effective increase of
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Fig. 8. a) ¥ experimental angular distributions for the
Fi6o-spe = 28.5 MeV structure; data periodicity is compared
with that of the calculation assuming in turn b) J 10,
¢) J =12 and d) J = 14 for the emitting *Mg nucleus.

the moment of inertia due to the “spin alignment” mech-
anism [26-28].

Recently, a more complete and successful calculation
on the experimental 12C + 2C elastic and inelastic reso-
nances has been performed in the frame of the coupled-
channel approach. The calculation makes use of a more
realistic nucleon-nucleon potential based on the multipole
expansion of the nucleon densities [28]. The addition of
the higher multipole part of the densities appears to sig-
nificantly modify the BCM rotational bands, resulting in
a stronger channel coupling effect which indicates a more
complex reaction dynamics than that of the weak-coupling
picture.

The present observation of the same resonant structure
through indirect break-up of ?Mg points to the “strong-
coupling” interpretation, supporting the idea of existence
of shape eigenstates. Indeed, the appearance of the same
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with that of the calculation assuming in turn b) J = 12, ¢)
J =14 and d) J = 16 for the emitting *Mg nucleus.

resonance in 2*Mg produced through different reaction
mechanisms should indicate the effect of structural prop-
erties rather than that of the entrance channel potential.

The structure in Mg excitation spectrum extends to
higher energies never investigated up to now through the
160g,s, + 8Beg.s. decay channel, revealing the presence of
further well-defined resonances at relative energy of 33.3,
34.5 and 36.8 MeV, respectively. The 33.3 MeV structure,
which was observed in other decay channels, could not
be resolved in the 2C(12C,*Beg 5.) 190, 5. excitation func-
tion we studied up to 36 MeV [9,10], due to the large
energy step in that region (see fig. 3 of ref. [10]). The lack
of evidence for the 34.5 MeV resonance in the same ex-
periment might be connected with the symmetry of the
12C + 2C entrance channel which selects even-spin and
positive-parity states, thus preventing any odd-spin state
to be populated. This is consistent with the odd-spin
assignment to the 34.5 MeV resonance, whose angular-
distribution periodicity resembles that of a Legendre poly-
nomial of order 17 (see fig. 9).

Energies and spins for these new resonances still fol-
low the same rotational rule of the ones at lower energies,
suggesting the association of the same '¢Oy ;-2 configu-
ration to all of them. Because of the even symmetry of the
160g,5,—20¢ configuration, odd-spin states are not allowed
to belong to its rotational band. However, stretching and
bending vibrations are expected to exist for this configu-
ration. Indeed the 34.5 MeV resonance, to which an odd-
spin value was associated, might represent an additional
evidence for bending vibrations in the 16Og_s_—20¢ system,
and the first one at so high excitation energy.
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Fig. 10. a) ¥’ experimental angular distributions for the
Ei6p-8p, = 34.5 MeV structure; data periodicity is compared
with that of the calculation assuming in turn b) J = 15, ¢)
J =17 and d) J = 19 for the emitting **Mg nucleus.

It is to be pointed out that the angular momentum
measured for these resonances represents the limit value
predicted by Cranked Cluster Model calculations [12], be-
yond which the 16Og,s,—20¢ configuration should not exist.

We would like to thank prof. F. Iachello for the enlightening
and fruitful discussions. We are indebted to the technical staff
of LNS, in particular to C. Cali, P. Litrico, S. Marino and
F. Ferrera, for the effective assistance during the experiment.
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