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Quasimolecular states of 2#Mg excited in the *0+4-'2C interaction

E. Costanzo,»? M. Lattuada,’® S. Pirrone,»? S. Romano,?* D. Vinciguerra,? and M. Zadro®
! Dipartimento di Fisica dell’Universitda, Catania, Italy
2 Istituto Nazionale di Fisica Nucleare, Sezione di Catania, Catania, Italy
3 Istituto Nazionale di Fisica Nucleare, Laboratorio Nazionale del Sud, Catania, Italy
4 Centro Siciliano di Fisica Nucleare e Struttura della Materia, Catania, Italy
5 Rudjer Boskovié Institute, Zagreb, Croatia
(Received 18 June 1993)

The study of the *0 +*2 C —'2 C 4+!2 C + « reaction performed at E('*0)=113 MeV shows
evidence for the excitation of resonant states of 2*Mg, eventually decaying in the 2C+2C channel,
with a width of about 500 keV. From the angular correlation of the two emitted *2C ions a value
J = 14 is obtained for the spin of two resonances at 35.1 and 36.3 MeV excitation energy. This
allows for an interpretation in terms of quasimolecular states of **Mg. The data are compared with
previous results obtained at 85 MeV incident energy, and the role of the angular momentum transfer

in the reaction process is discussed.

PACS number(s): 25.70.Ef

I. INTRODUCTION

In a previous work [1,2], we have reported evidence
for the formation of quasimolecular (QM) states in 24Mg
through the study of the reaction

160+ 120_) 120+ 120+a, (1)

performed at an incident energy of the ®0 beam of 85
MeV.

Two sequential processes can contribute to reaction
(1). The first one proceeds through the excitation of
160’

160+ lzc_) 160*+ 120’ (23.)

160* 5 2C 4 aq, (2b)
while an excited state of 2¢Mg is formed in the process
of interest:

160 + 12¢ - *Mg* + a, (3a)

#Mg* —» *C+ *C. (3b)

The signature of both these processes was found by
studying the relative energy spectra for any two of the
three particles in the final state of reaction (1). In fact,
resonances in the 2C + a relative energy correspond
to states of %0* [Eq. (2b)], while resonances in the
12C+ 12C relative energy indicate the formation of states
of 2*Mg* [Eq. (3(b)]. After a suitable analysis carried
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on to disentangle the two effects, a few peaks were found
in the 2C-12C relative energy corresponding to an exci-
tation energy Eex.(?*Mg) ranging from 26.3 to 31.6 MeV
(see Table I).

To have a confirmation of the QM nature of a reso-
nance, it is necessary to obtain information on its angular
momentum J. In fact, for QM states, one expects [3] not
only that the angular correlations will be dominated by
a unique value of J, but also that the excitation energy
and the J value must be approximately connected by the
rigid rotator relationship

Eqm = Ep + aJ(J + 1). (4)

Here the bandhead energy E, is essentially equal to
the binding energy of the two nuclei plus their relative
Coulomb energy, and the slope « is given by a = k%/2I
with the momentum of inertia I calculated for two tan-
gent nuclei.

A study of the angular distribution of the 2C ions
emitted in the ?*Mg rest frame was then performed. It
allowed the assignment of the value J = 12+ 2 to the an-
gular momentum of the levels at Ey.(?*Mg)=30.7 and
31.6 MeV. The result is in good agreement with the pre-
diction of Eq. (4). In fact, for QM states of Mg hav-
ing a '2C-12C structure, the parameters Ey and o take
approximately the values [3] of 20 and 0.07 MeV, respec-
tively, yielding Eqm = 31 MeV for J = 12. The angular
range covered by the experiment was not large enough to
attempt a similar fit for the other peaks.

In the present paper, we report on a new measure-
ment, performed at Laboratorio Nazionale del Sud with
an higher %0 incident energy, with the aim of following
the process in a different region of the 2¢Mg QM band.
The results have already been partially reported [4,5].

985 ©1994 The American Physical Society



986 E. COSTANZO et al. 49

II. EXPERIMENT

A beam of 0 ions was accelerated to 113 MeV by the
SMP tandem accelerator of the Laboratorio Nazionale
del Sud, Catania. The target was a self-supporting C foil,
150 pug/cm? thick, placed at the center of a standard reac-
tion chamber. Two heavy-ion telescopes were used to de-
termine the energy and the angle of the emitted particles.
In a first run (run A), they covered the angles between
23° and 33° on both sides of the beam. Each telescope
consisted of a transversal field ionization chamber, used
as a AFE detector, followed by 600-um thick Si position-
sensitive detectors, giving the E information. The time
signals from the position-sensitive detectors were sent to
a time-to-amplitude converter (TAC), whose output was
used as a general trigger for computer acquisition of all
the signals in the event-by-event mode. The calibration
of the detectors was performed by using an ?!Am o
source and the scattering of '2C ions from a thin gold
target at various incident energies. In a second run (run
B), the telescopes were moved to smaller angles, cover-
ing the angles between 10° and 20° on both sides of the
beam, with the aim of detecting events with smaller *2C-
12C relative energy.

III. DATA ANALYSIS

In the off-line analysis, a window was put on the time
peak of the TAC spectrum. For all accepted events, the
particle energies were determined after corrections for en-
ergy losses in the target, in the ionization chamber win-
dows, and in the dead layers of the silicon detectors.

The total energy of the 2C + 2C + « exit channel was
calculated from momentum conservation for each !2C-
12C coincidence event yielding the Q spectrum reported
in Fig. 1 for run A. Note that even if the detecting setup
does not allow for mass but only for charge identification
of the ions, the possible contribution of C isotopes dif-
ferent from '2C cannot appear under the three narrow
peaks of Fig. 1, since the Q value is in this case much
more negative (about —20 MeV). To make sure that the
measured 2C-12C events were to be attributed to reac-
tion (1), a check on the data was performed according to
the procedure of Ref. [6]. No appreciable contamination
of the target or of the beam was detected.

For the events lying under each peak in the Q spec-
trum, the relative kinetic energy E;; of any two of the
three particles in the final state was then calculated as

E;; = [m]'E,; + m,-Ej
—2(m;m; E; E;)'/? cos(85;)]/(mi + m;),  (5)

where m; (m;) and E; (E;) are the mass and kinetic
energy of particle ¢ (j), and 6;; is the angle between their
directions in the laboratory system.

Figure 2 is the scatter plot of the two 2C-a relative
energies for all events lying under the Qg4 peak. The
clustering of events along lines parallel to the two axes
indicates the observed dominance of a strong *2C-« inter-
action (i.e., the formation of }60* states). The presence
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FIG. 1. Q-value distribution for the *O0 + !}2C —

'2C + 'C + a reaction, measured at E(**0) = 113 MeV.
The detectors covered the angles between 23° and 33° on
both sides of the beam. The three peaks marked by Qg,
Q14, Q11, correspond to final states involving '?C ions left in
their ground state or in their first excited level.

of the 2C-12C interaction is understood in the faint ac-
cumulation along curves symmetrical with respect to 45°,
in the right upper part of the plot. Under these condi-
tions the spectrum of the Eizc.12¢ relative energy for all
events would not give any clear indication, being largely
affected by the contribution of O* states. However, Fig.
2 shows also that such contributions disappear at the
highest 2C-a relative energies. So taking into account
only the events above 16 MeV in both 2C-a relative en-
ergies, the spectrum of Fig. 3 is obtained. It clearly
shows at least two peaks which have to be attributed to
the strong 2C-!2C interaction and hence to relatively
long living 2*Mg* states at 35.1 and 36.3 MeV excitation
energy [note that Eex.(2*Mg) = Eizciz¢ + 13.9 MeV].
A similar analysis was carried on using the data taken

E'2C~a (MeV)

E\zc‘a (MeV)

FIG. 2. Scatter plot of the two ?C-a relative energies for
all the events under the Qg4 peak in Fig. 1. The solid lines
show the cuts at 16 MeV for both *?C-a relative energies used
to obtain the '2C-'2C relative energy spectrum of Fig. 3 (see
text).
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FIG. 3. '2C-'2C relative energy spectrum for the coinci-
dences of Fig. 2, corresponding to '2C-a relative energies
above 16 MeV. The arrows show the energy cuts used to ob-
tain the angular distribution for each peak.

during run B, i.e., with the telescopes moved to smaller
angles with respect to the beam axis. The Ei2¢.12¢ spec-
trum skowed a low counting and essentially no structure.

A Monte Carlo simulation was performed in order to
evaluate the instrumental resolution due to the beam
spot size, the target thickness, and the uncertainty of
the position-sensitive detector response due to the lack
of information on vertical position and to the horizontal
position inaccuracy. The calculations gave a full width
at half maximum (FWHM)=~ 950 keV for the peaks in
the @-value spectrum. This is in agreement with the
experimental result reported in Fig. 1.

The same calculation gave also a FWHM= 250 keV for
the width of the peaks of the relative energy Fizc.iz2¢.
The large difference in the instrumental widths of the Q
value and of the relative energy peaks is to our knowledge
a common feature of this kind of experiment. It reflects
the different sensitivity to variations in the input values
of the kinematical relationships used to determine the
two required quantities. However, the measured width of
the Eizc.1zc peaks is of the order of 500 keV (Fig. 3).
Therefore, an intrinsic width still of the order of 500 keV
can be attributed to these peaks.

IV. DISCUSSION

Let us call 8* the angle of emission of 2*Mg"* in the
c.m. system, while ¢ is the angle of emission of one of
the two '2C ions in the 2*Mg* c.m. system. Both angles
are measured with respect to the beam axis [7].

Since we are dealing only with the events under the Q4
peak, all nuclei involved in reaction (1) have J™ = 0t.
Therefore, whenever 2*Mg* is emitted at an angle §* =
0°, the angular distribution W (1) of 12C has to be given
by a squared Legendre polynomial | P;(cos 1) |2, where
J is the angular momentum of 2*Mg* and the symbol %
is meant to indicate the values of ¥ for §* = 0°.

For 6* # 0°, the behavior of W () is not predictable in
a straightforward manner. However, in some cases all the
events can be used to deduce the value of J [7]. Figures
4(a) and 4(b) show the events under the two peaks in a
0*-1 scatter plot. According to Ref. [7], a value of g
was assigned to each event after projection onto the 6*
axis along the tilted straight lines which were taken to fit
the “ridges” in the plot. Since the two sets of lines have
the same slope and the same spacing, one can deduce [7]
that both states have the same value of J.

All the events of Figs. 4(a) and 4(b) were then treated
together to improve the statistics, with the procedure un-
derlined above. The result is shown iz Fig. 5 together
with a | Py4(cos ) |? squared Legendre polynomial ar-
bitrarily normalized to the data. In spite of the rather
limited angular range, it is clear that the angular dis-
tribution is dominated by a single value of the angular
momentum.

We can conclude that the levels at 35.1 and 36.3 MeV
excitation energy, being preferentially excited in a region
of high level density, with a width of about 500 keV and
having a J = 14 angular momentum, are of QM nature.
Table I reports the 2*Mg QM levels studied at 113 MeV
(present work) and at 85 MeV incident energy [1,2]. They
are also reported in Fig. 6 and compared with previously
known QM states [8]..

Let us remember here that more than a decade ago
reaction (1) was largely investigated at c.m. energies
of the order of 50 MeV. The energy of the o particles
emitted in reaction (3a) was measured by two groups
of researchers [9-12]. The spectra showed broad peaks,
which were interpreted as corresponding to preferentially
excited states in 2*Mg. The energy, width, and spacing
of these states were such as to suggest an interpretation
in terms of excitation of QM resonances. This picture
turned out to be in contrast with the findings of other
experiments which measured not only a-particle spectra
[13,14], but also a-'2C and 2C-12C coincidences [15-21].
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FIG. 4. 6" — ¢ scatter plot for the events falling under the
(a) first and (b) second peaks in Fig. 3. The straight lines
used to fit the data have the same slope and the same spacing.
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FIG. 5. '2C angular distribution for the 2*Mg* states at
35.1 and 36.3 MeV, compared with a L = 14 squared Legendre
polynomial arbitrarily normalized to the data.

The interpretation of Refs. [9-12] was questioned, and
the most common conclusion was that the peaks did not
come from the *2C-12C final state interaction, but rather
from the a-12C one or, in other words, from the decay of
160 excited at 10-20 MeV in the interaction with the 12C
target. The debate was settled when new a-particle spec-
tra measurements [22,23] showed that the apparent exci-
tation energy of 2Mg changed continuously, when chang-
ing the incident energy, thus contradicting the previous
interpretation in terms of the excitation of QM states in
24Mg.

Ouly a few very weak peaks in the a spectra reported
in Ref. [22] corresponded to a 2*Mg excitation energy not
changing with the beam energy, thus indicating that re-
action (1) proceeds also through the sequential process
(3a). We stress here that the procedure we have used (the
study of the 12C-12C relative energy distribution only for
events having both 2C-« relative energies greater than
16 MeV) has reduced the dominance [13-21] of the 60*
decays. Therefore, the detection and the study of the
24Mg* states have been made possible. Such a proce-
dure was already used in our previous work [1,2] and in
Ref. [15]. It is justified by the evident (Fig. 2) reduc-
tion in selective 60 excitation at the highest energies,
which in turn can be explained by the corresponding in-
crease in number of states and of open channels. On the
other hand, it introduces a cutoff at the highest 12C-12C
relative energy (which increases when the %0-« relative

TABLE 1. Resonances observed as }2C-'2C final state in-
teraction in the 0 + '2C — 2C + '2C 4 « reaction at
E(*®0) = 85 and 113 MeV.

Eox.(**Mg)(MeV) J E(*%0)
30.7 12 85
31.6 12 85
35.1 14 113
36.3 14 113
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FIG. 6. Eexc(**Mg) vs J(J + 1) for all the reported QM
states [8] (open circles) and for those obtained (Refs. [1,2]
and present work) in the 0 + '2C interaction (dashes).

energies decrease) and reduces the range of the 6* and ¢
angles which are useful to get information on the spin J
of 24Mg*.

In order to understand the mechanism of the reaction,
it is interesting to evaluate the angular momentum trans-
fer to the 2Mg nucleus. Since the reaction proceeds
through the transfer of a spinless cluster between spin-
less nuclei, the simple condition L; = Ly + J must
hold (see the Appendix). Here L; and Ly are the grazing
orbital angular momenta in the entrance and exit chan-
nels of reaction (3a), respectively, and J is the spin of
the excited state of 2Mg. The matching value of the
angular momentum J as a function of Fex. can then be
calculated by following a method proposed by Brink [24]
for the transfer of a single nucleon. In the Appendix we
report about a development of the Brink model which
takes into account the transfer of a large cluster.

The result of these calculations are shown in Fig. 7
for 85 and 113 MeV as dashed curves. They have been
calculated by assuming a '2C transfer from the 60 to
the 12C target nucleus to form 2*Mg. The curves for the
alternative 8Be transfer from 2C to 10 were found to be
very similar and are not reported in Fig. 7. In the figure
the hatched areas mark approximately the range of the
24Mg excitation energy which can be reached in the ex-
periment. The two resonances measured at 85 MeV fall
in the overlap region between the average behavior of the
QM band (solid curve), the hatched area, and the angular
momentum matching condition (dashed curve). It is ev-
ident from Fig. 7(b) how the increase in incident energy
from 85 to 113 MeV and the change in the kinematical
conditions (run A) allow one to reach different regions of
the QM band. We remark finally that no evidence for
resonances was obtained in the measurement of run B,
where the condition for angular momentum matching is
not fulfilled.

In conclusion, the study of the %0 + !2C —
2C + 12C + « reaction has shown that QM configura-
tions can be excited in 2¢Mg through the 60 + 2C —24
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FIG. 7. Relationship Eex.(**Mg) vs J. The solid curves
give the average trend of the 2*Mg QM band, while the
dashed line reports the matching value of J as a function
of Eexc(**Mg), obtained for E(**0)= (a) 85 MeV and (b)
113 MeV. The dotted areas indicate the ranges of Eexc(”Mg)
which have been reached at 85 MeV and in the two runs at
113 MeV (see text).

Mg* + a process, in a large range of incident energy.
Moreover, the results summarized in Figs. 7(a) and 7(b)
give evidence to the dominant role of the angular mo-
mentum transfer in the process. In the present work,
the resonances have been studied only through their de-
cay into the 2C + !2C channel. Their nature should
also be further investigated by measuring the different
branching ratios for the decay into the various channels
(*C+ 12C, %0 + ®Be, ?°Ne + a, etc.). This was not
possible with our experimental setup, which could not
measure properly light ions.
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APPENDIX
Let us consider a transfer reaction
(a+z)+b = a+ (z+D),

in which a cluster « is transferred from the nucleus (a+z)

to a nucleus b to form a final nucleus (z + b) with an
excitation energy E*. The angular momentum J of the
final nucleus can be determined in a classical model, by
modifying the procedure first suggested by Brink [24] for
nucleon transfer, in order to take into account the large
mass of cluster x. The following simplifying assumptions
are made for the involved intrinsic angular momenta: (i)
zero spin for clusters a,b, and z, (ii) { = 0 for the a — z
relative motion in nucleus (a + z), and (iii) = J for the
b — z relative motion in nucleus (z + b).

The conservation of angular momentum and the fact
that the initial and final orbital angular momentum vec-
tors L; and Ly are perpendicular to the reaction plane
give the following matching condition for J:

Jmateh = Li — Ly = pid; — pgdy,

with px = /2uxEy, where pg, pr, Ex and dy are the rel-
ative momentum, the reduced mass, the relative energy,
and the distance between the centers of mass of the two
interacting nuclei at the collision for the entrance (k = i)
and exit (k = j) channels, respectively.

The relative energies E, have to be deduced from
the asymptotic relative energies EZ° by subtracting the
Coulomb energy at the interaction distance, so that one
gets (energies in MeV and distances in fm)

Za+z Zb

E;,=E>*—1.44 ,
1 di

while

Z Zb+::
Ef=EP —1.44 27,

f f dg
where the Z’s are the charges of the nuclei involved in
the process and

EF = E® +Q- E™,

Q being the energy balance of the reaction. Note that
for a particular reaction, Ly and hence Jyaich depend on
the excitation energy FEe.. of the b 4+ z nucleus.

To calculate the distances d; and dy, let us consider
that at the collision the interacting nuclei can be assimi-
lated to three spheres in a row, with cluster z in between
the two clusters a and b. By assuming also that the three
clusters have the same charge-to-mass ratio, one obtains

Ag
di = —— a T z
R (ra+7e)+712+78
and
df = —_—_Aa‘j‘bAz (Tb +7‘,,) +7'a: +'raa

where A; and r; are the mass and radius of the clus-
ters (j = a,b,z). For the radii we assumed the usual
relationship

r; = roA;./s, ro = 1.3 fm.
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