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Quasimolecular states of ~4Mg excited in the 0+12C interaction
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The study of the ' 0+' C ~' C +' C + a reaction performed at E(' O)=113 MeV shows
evidence for the excitation of resonant states of Mg, eventually decaying in the C+ C channel,
with a width of about 500 keV. From the angular correlation of the two emitted C 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 + 12C ~ 12C + 12C +

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
16p

16O + 12C ~ 160+ + 12C

16oe ~ 12C + (2b)

while an excited state of 2 Mg is formed in the process
of interest:

16P + 12' ~ 24Mg~ + ~ (3a)

24M '~ (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 C + n relative energy correspond
to states of 0' [Eq. (2b)], while resonances in the

C+ C relative energy indicate the formation of states
Mg' [Eq. (3(b)]. After a suitable analysis carried

on to disentangle the two effects, a few peaks were found
in the ~ C-~ C relative energy corresponding to an exci-
tation energy E,„,( 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 + n J(J+ 1).

Here the bandhead energy Eo is essentially equal to
the binding energy of the two nuclei plus their relative
Coulomb energy, and the slope o. is given by a = h2/2I
with the momentum of inertia I calculated for two tan-
gent nuclei.

A study of the angular distribution of the C ions
emitted in the 24Mg rest frame was then performed. It
allowed the assignment of the value J = 126 2 to the an-
gular momentum of the levels at E,„,( 4Mg)=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 24Mg hav-
ing a C- C structure, the parameters Eo and a take
approximately the values [3] of 20 and 0.07 MeV, respec-
tively, yielding EgM ——33. MeV for J = 12. The angular
range covered by the experiment was not large enough to
attempt a similar 6t 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 Mg QM band.
The results have already been partially reported [4,5].
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II. EXPERIMENT 800 —'

A beam of 0 ions was accelerated to 113 MeV by the
SMP tandem accelerator of the I.aboratorio Nazionale
del Sud, Catania. The target was a self-supporting C foil,
150 pg/cm2 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 AE detector, followed by 600-p, m thick Si position-
sensitive detectors, giving the E information. The time
signals &om 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 C 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-

C relative energy.

III. DATA ANALY'SIS

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 z2C+ z2C+ o exit channel was
calculated &om momentum conservation for each 2C-
~2C 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 &om C 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 C- C 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;z of any two of the
three particles in the final state was then calculated as

E;, = [m, E;+ m, E,
2(m;m~E;E2) ~ c—os(8;i)]/(m; + m~),
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FIG. 1. Q-value distribution for the 0 + C
' C + C + o 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 Qss,
Qqg, Qql, correspond to final states involving C ions left in
their ground state or in their first excited level.
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of the C- C 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 E12C 12+ relative energy for all
events would not give any clear indication, being largely
a8'ected by the contribution of 0* states. However, Fig.
2 shows also that such contributions disappear at the
highest C-a relative energies. So taking into account
only the events above 16 MeV in both C-o. 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 C- C interaction and hence to relatively
long living Mg* states at 35.1 and 36.3 MeV excitation
energy [note that E,„,( Mg) = E12c 12c + 13.9 MeV].

A similar analysis was carried on using the data taken

where m, (mz) and E; (Ez) are the mass and kinetic
energy of particle i (j), and 0,2 is the angle between their
directions in the laboratory system.

Figure 2 is the scatter plot of the two C-o. relative
energies for all events lying under the Qss peak. The
clustering of events along lines parallel to the two axes
indicates the observed dominance of a strong C-o. inter-
action (i.e. , the formation of 0' states). The presence
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FIG. 2. Scatter plot of the two C-cx relative energies for
all the events under the Q22 peak in Fig. 1. The solid lines

show the cuts at 16 MeV for both C-o. relative energies used
to obtain the C- C relative energy spectrum of Fig. 3 (see
text).
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FIG. 3. C- C relative energy spectrum for the coinci-
dences of Fig. 2, corresponding to C-o, 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 Ei~c ii~ spec-
trum showed 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 Q-value spectr»m. 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 E12Q &2c.
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 Elsc12c 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.

For 8' g 0', the behavior of W(g) 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
O'-Q scatter plot. According to Ref. [7], a value of go
was assigned to each event after projection onto the 0'
axis along the tilted straight lines which were taken to Gt
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 ir. Fig. 5 together
with a

~
Pq4(cosgo)

~
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 ~4Mg 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 a 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 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 6ndings of other
experiments which measured not only n-particle spectra
[13,14], but also n- C and C- C coincidences [15—21].
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IV. DISCUSSION 20

Let us call 8' the angle of emission of Mg' in the
c.m. system, while tP is the angle of emission of one of
the two C ions in the 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 qgs
peak, all nuclei involved in reaction (1) have J = 0+.
Therefore, whenever Mg' is emitted at an angle 8' =
0, the angular distribution W(@o) of ~ C has to be given
by a squared Legendre polynomial

~
Pz(cos go) [,whereJ is the angular momentum of Mg and the symbol @o

is meant to indicate the values of vP for 8' = 0'.

&0 80 90 i00 110

0 («g)
FIG. 4. 8' —@ scatter plot for the events falling under the

(a) Srst and (h) second peaks in Fig. 3. The straight lines
used to St the data have the same slope and the same spacing.
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to a nucleus b to form a final nucleus (x + 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 z. The following simplifying assumptions
are made for the involved intrinsic angular momenta: (i)
zero spin for clusters a, b, and x, (ii) l = 0 for the a —x
relative motion in nucleus (a+ x), and (iii) l = J for the
b —x relative motion in nucleus (z + b).

The conservation of angular momentum and the fact
that the initial and 6nal orbital angular momentum vec-
tors L; and Lf are perpendicular to the reaction plane
give the following matching condition for J:

Jm~g, h
——L; —Lf = p'dg —pfdf
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FIG. 7. Relationship E,„,( Mg) vs J. The solid curves
give the average trend of the Mg QM band, while the
dashed line reports the matching value of J as a function
of E,„,( Mg), obtained for E( 0)= (a) 85 MeV and (b)
113 MeV. The dotted areas indicate the ranges of E,„,( Mg)
which have been reached at 85 MeV and in the two runs at
113 MeV (see text).

with pi, = /2@I,EI„wherepi„p~, EI, and dI, 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 EI, have to be deduced &om
the asymptotic relative energies EP by subtracting the
Coulomb energy at the interaction distance, so that one
gets (energies in MeV and distances in fm)

44 cL+z b

while

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 C + ~ C channel. Their nature should
also be further investigated by measuring the different
branching ratios for the decay into the various channels
(i2C+ 2C, sO+ sBe, z Ne+ n, etc.). This was not
possible with our experimental setup, which could not
measure properly light ions.
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APPENDIX

Ef ——Ef —1.44
df

where the Z's are the charges of the nuclei involved in
the process and

Ecc Eoc + q Eexc

Q being the energy balance of the reaction. Note that
for a particular reaction, L f and hence Jm~t, h depend on
the excitation energy E,„,of the b+ z nucleus.

To calculate the distances d; and df, 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

A
(r. + r.) + r. + r&

Ag+ A

and

Ag
dg = (ri, +r )+r +r,

A +A
Let us consider a transfer reaction

(a+x)+b -+ a+ (x+b),

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

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

r~ = rpA. , rp ——1.3 fm.X/3
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