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This paper discusses how the radiative capture process can shed light
on the origin of the resonances observed in light heavy-ion collisions. The
impact of resonant features on the fusion cross-sections is described from
energies around the Coulomb barrier down to the Gamow energy in systems
like 12C+12C and 2C+1°0.
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1. Introduction

Resonances are well established phenomena in specific light heavy-ion
reactions such as 12C+12C, 2C+160, 150+1%0 from the Coulomb barrier
(CB) to some 5 MeV per nucleon. At CB, resonances have usually narrow
widths and can be interpreted in terms of long lived states in the compound
nucleus. At higher energies and shorter reaction times, widths become larger
and resonant effects evolve towards refractive effects such as nuclear rain-
bows. The occurrence of resonances at CB can be explained in terms of the
phase space the system has access to decay. The smaller the number of open
channels (NOC), the better the chances to observe resonant effects in the
collision. Calculations of the NOC per unit of incident flux have been per-
formed by Abe and Haas [1| For 1 mb of incident flux, at CB, NOC =9 for
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R2C4+2C, NOC = 350 for 2C+1%0 and NOC = 600 for 'O+100. These
numbers are in very good agreement with the amplitudes of the resonances
measured in the collisions of these systems at CB. These systems have rather
limited NOC and thus are the best cases to observe resonant features. We
will discuss "2C+'2C and 2C+'60 systems in this paper. The 60+160
system shows less pronounced resonances. It is in fact difficult to study
experimentally since oxide based targets can lead to contamination of the
spectra.

The study of light heavy-ion resonances has drawn a renewed interest
with the recent measurement of a very low energy resonance in the 2?C+12C
system. This resonance has been measured in the p and « channels at Eqy =
2.14 MeV at the Dynamitron Tandem Laboratory in Bochum [2], close to
the Gamow energy EGamow = 1.5 (£ 0.3) MeV at T = 5 x 10® K [3]. The
understanding of the resonances is extremely important from CB down to
these energies since they have important consequences on the capture cross-
sections and on the carbon burning rate in stars. Below CB, the fusion cross-
section drops exponentially and it is common to extrapolate the behaviour
of the S factor down to astrophysical energies but doing so can be hazardous
in systems with low NOC for which resonances can occur.

2. Spectroscopy of molecular states at CB

Resonances observed in '2C+12C and 2C+'90 at CB are usually
discussed in terms of molecular configurations in the compound nuclei
HMg(12C-12C) and %Si(2C—160) but no definitive evidence has been
found yet. Cluster calculations are scarce at very low energies. Never-
theless, Suzuki and Hecht have predicted sub Coulomb ?C+'2C resonances
based on 2C—12C, a—2?"Ne and 8Be—1'60 configurations [4]. After this ref-
erence, Fig. 1 shows the molecular spectroscopic factor from 27 MeV down to
16 MeV excitation energy in 28Si. A lot of resonances are predicted around
CB (E* = 20 MeV) and below. Note the large 0" molecular spectroscopic
factor around E* = 17 MeV, in the Gamow window given in Section 1. Our
experimental programme aims at doing the spectroscopy of molecular states
in systems where NOC is small from CB first, down to lower energies. We
have populated 28Si, via the 12C+!00 collision around CB on 2 resonances
(Ecy = 8.5 and 9 MeV) and measured the subsequent v decay. This decay
should show specific features of a very deformed system if the resonance is of
molecular ?C—160 origin. Such heavy-ion radiative capture experiment has
a low cross-section (i.e. typically 40-100 nb/sr) and requires high efficiency
~-ray detection as well as a state-of-the-art 0° spectrometer with a large in-
cident beam rejection. The 2C(1°0,y)28Si experiment has been performed
at the TRIUMF ISAC facility using the Dragon 0° spectrometer to detect
the 28Si recoils and the 30 BGO array to record the coincident  decay.
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Fig. 1. Molecular spectroscopic factor in the 12C+12C system. Adapted from [4].

Fig. 2 shows the corresponding v spectrum measured at Fcy = 9 MeV.
The spectrum shows low-lying 28Si transitions (below 8 MeV) and an un-
expected large bump around 14 MeV. This corresponds to previously unob-
served doorway transitions representing a large part of the radiative capture
decay flux. This experiment has thus allowed to measure the complete de-
cay spectrum and the total radiative capture cross-section orc = 23.4 ub,
in contrast to a previous study where doorway states could not be measured
for experimental limitations and 80% of orc was missing [5]. The measured
transitions to doorway states are good candidates for transitions between
molecular states. The BGO array used in this experiment has a high effi-
ciency, even at large y-ray energies (e = 50% at 5 MeV) but a low resolution
and this does not allow to identify completely the transitions in the bump
at 14 MeV and to draw definitive conclusions on the statistical part and the
structural, i.e. cluster, part in the decay of the capture resonance.

3. Discussion: further developments

The decay of the 2C(160,7)?8Si reaction at near barrier energies was
found to proceed mainly via doorway transitions. Its consequences to the
radiative capture cross-section is thus significant. This reaction has been
performed by Harakeh et al. at E* = 34 MeV [6] and compared to the
3He+2°Mg entrance-channel to evaluate the importance of isospin mixing in
the decay. The observed decay has been interpreted in terms of the decay
of the GDR built on excited states of 28Si. The authors used a large volume
Nal(T1) crystal to detect high energy 7-rays in an inclusive way. Novel
technologies would allow to perform an inclusive experiment with detection
of the fragments in a Si detector for example coupled to a state-of-the-art
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Fig.2. Experimental 2C(1%0,7)?8Si v spectrum recorded in the BGO array in

coincidence with 28Si recoils in the Dragon DSSSD focal plane detector.

~ array for detection of the coincident «-rays. This could enable us to study
the evolution of the feeding of doorway states to eventual feeding of the
GDR.

Concerning the mechanism at lower energies, we have recently performed
a 12C(100,7)?8Si experiment 15% below the barrier to reduce the NOC and
to improve the ratio between radiative capture and fusion evaporation. Data
is under analysis. It would, of course, also be interesting to study this reac-
tion using a « array with good resolution and efficiency over a wide range of
energies (1-25 MeV), such as LaBr scintillator based project, at the horizon
like the PARIS array associated to a spectrometer or used in a calorimeter
mode (see contribution from D. Lebhertz et al. to this conference).
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