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Abstract. We describe the results of a new experiment aimed to investigate the possible
existence of cluster structures in 10Be and 16C isotopes. They have been investigated at the
FRIBs facility of INFN-LNS by means of an invariant mass analysis on correlated projectile
breakup fragments carried out with the CHIMERA 4π detector. From the analysis of the
6He+4He channel we found evidence of a new state in 10Be at 13.5MeV excitation energy.
Concerning 16C, we investigated 6He+10Be correlated fragments and we found a non-vanishing
yield at about 20.5MeV in the corresponding excitation energy spectrum. Finally, we describe
few details of a new experiment performed at the FRIBs facility where the CHIMERA detector
was coupled to the FARCOS hodoscope, with the aim to improve the presently obtained results.

1. Introduction

The clusterization of light nuclei into α particles usually characterizes the structure of self-
conjugated nuclei [1]. It can be imagined as the tendency of nucleons to create bounded sub-
units made of quartet of nucleons, due to the stability of α particles. These phenomena are
governed by the residual interaction inside nuclei and, for this reason, they are important to
understand the properties of nuclear forces [2]. α clustering in nuclei can gain an important
role also in Nuclear Astrophysics; for example the existence of cluster states in light nuclei can
determine different scenarios in the nucleosynthesis of elements in stars (see for example the
case of Hoyle state in 12C [3] or the 20Ne [4, 5, 6]).

http://creativecommons.org/licenses/by/3.0
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Cluster structures can also occur in neutron-rich nuclei. These states are generally
characterized by large deformation and therefore they can give rise to rotational bands. The
extra neutrons can act as sort of covalent particles between α-cluster centres, increasing the
stability of the structure and, for this reason, they are usually called valence neutrons [7].
Important examples are Be and C isotopes, giving rise respectively to possible dimeric or chain
structures [7].

A very interesting beryllium isotope is the 10Be. For this nucleus, theoretical calculations
based on the Antisymmetrized Molecular Dynamics model (AMD) predicted the existence of
a state close to the helium emission threshold at 6.18MeV (0+) with a pronounced dimeric
structure [8]. The existence of this state has been confirmed by several experiments and a
rotational excitation of this highly deformed state has been pointed out at 7.54MeV (2+),
indicating its molecular nature. Recently the existence of a state at about 10.2MeV (4+) has
been reported [9], indicating the continuation of this band but, to date, no further members of
this band have been suggested in the literature. Ambiguities in the determination of the ground
state band are also present in the literature [10].

The carbon isotopic chain has been the subject of several experiments aimed to the study of
possible cluster configuration. A study of cluster states in the proton-rich 11C nucleus has been
recently published [11]. Resonant elastic experiments have been reported on 13C [12, 13, 14, 15]
and 14C [16] nuclei. Anyway, despite the recent theoretical predictions of ref. [17] on the existence
of molecular states, very few experimental information are reported for the 16C isotope, for which
data at low statistics are published [18, 19].

2. Experimental results

To investigate 10Be and 16C structure we have carried out an experiment at the FRIBs facility
of the INFN-Laboratori Nazionali del Sud. A fragmentation cocktail beam (mainly constituted
by 105 pps 16C at 49.5MeV/u and 4 × 104 pps 10Be at 56MeV/u), characterized by a particle-
by-particle tagging system [20], was used to induce sequential breakup reactions on polyethylene

 (MeV)
th

+E
rel

E
8 10 12 14 16 18 20

c
o
u
n
ts

 p
e
r 

3
0
0
k
e
V

0

10

20

30

40

50

60

70

80

)
+

9
.5

1
 (

2

?
)

+
1

0
.1

5
 (

4 ?
)

+
1

1
.8

 (
4

1
3

.5

1
0

.6
 (

?
)

26%

6%

Figure 1. 10Be invariant mass spectrum
(Erel+Ethr) for the

4He+6He break-up chan-
nel. The dashed and solid lines represent, re-
spectively, the simulated detection efficiency
for inelastic scattering on proton, peaking at
26%, or carbon, peaking at 6%. Arrows indi-
cate the position of known states in the liter-
ature.
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Figure 2. 16C invariant mass spectrum
(Erel+Ethr) for the

10Be+6He break-up chan-
nel. The dashed and solid lines represent, re-
spectively, the simulated detection efficiency
for inelastic scattering on proton, peaking at
28%, or carbon, peaking at 8%.
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target (CH2). Correlation between couples of breakup fragments are used to provide information
on the excitation energy of the projectile prior to decay by means of the invariant mass technique
[21]. To identify and track particles and fragments we used the CHIMERA 4π multi-detector;
detailed information about the functioning and the capabilities of this device can be found in
Refs. [22, 23, 24, 25, 26, 27, 28].

The structure of 10Be has been studied by inspecting the 4He+6He invariant mass spectrum
(Erel + Ethr), as described in [29]. The corresponding excitation energy spectrum is reported
in the Fig. 1, where arrows are used to indicate the positions of known states in the literature.
Peaks, even with poor statistics, are visible in figure, compatible with the presence of states
already established in the literature. A further peak is present at about 13.5MeV. This peak
is not compatible with detection efficiency effects, as confirmed by the solid and dashed lines
(which represent the efficiency curves for excitation induced, respectively, by carbon or hydrogen
inside the target), and therefore could be attributed to the existence of a new state in 10Be, as
discussed in more details in [30, 31].

A non-vanishing yield is also reported in the 6He+10Be excitation energy spectrum, as shown
on Fig. 2, at about 20.5MeV. In analogy to the previous case we could attribute this peak to
the population of a new state in 16C. Anyway, in this case the statistics is very limited and this
enhancement could be also compatible with a non resonant phase space component.

3. Preliminary results from the CLIR experiment and perspectives

Following the suggestions previously reported, we have recently carried out a new experiment
at the FRIBs facility. In this case we used the FARCOS correlator [32, 33] covering the most
forward part of the CHIMERA device. FARCOS is based on 3-stages high granularity telescopes
made of a 300µm DSSSD, a 1500µm DSSSD and a CsI scintillator based layer. In order to obtain
the particle tracking we have firstly developed specific algorithms for the track recognition in the
DSSSD detectors. To benchmark the developed algorithms and the data reduction procedure
we have studied α-α correlations for two different nuclear systems: 16O+11B and 16O+12C at
55MeV/u. The corresponding correlation functions are reported in the Fig. 2, respectively with
the blue and red lines. The result is very nice, indicating the presence of a narrow peak at
≈ 92keV relative energy related to the ground state of 8Be, and a broad bump at about 3MeV,
evidence of the first excited state in 8Be. Finally, a further small peak is present at ≈ 600keV,
compatible with the ghost peak due to the 9Be decays, as described for example in [34].
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Figure 3. α-α correlation function (R(Erel + 1)) in logarithmic scale for two different nuclear
collisions 16O+11B (blue line) and 16O+12C (red line) at 55MeV/u. The dashed line represents
the line R(Erel) = 1.
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In the near future we plan to extend the data analysis to the part of the experiment carried
out with in-flight beams. We will benefit of the 4π coverage of CHIMERA and the very high
granularity given by FARCOS, with the aim of improving the present spectroscopic information
especially for the case of 16C, for which no definitive conclusions can currently be drawn.

References
[1] Beck C 2013 Clusters in Nuclei vol 1,2,3 (Heidelberg: Springer)
[2] von Oertzen W 1997 Zeit. Phys. A 357 355
[3] Kirsebom O et al 2012 Phys. Rev. Lett. 108 202501
[4] Cognata M L et al 2015 Astr. Jour. 805 128
[5] Lombardo I et al 2013 J. Phys. G 40 125102
[6] Lombardo I et al 2015 Phys. Lett. B 748 178
[7] von Oertzen W, Freer M and Kanada-En’yo Y 2006 Phys. Rep. 432 43
[8] Kanada-En’yo Y 1998 J. Phys. G 24 1499
[9] Freer M et al 1999 Phys. Rev. Lett. 82 1383

[10] Suzuki D et al 2013 Phys. Rev. C 87 054301
[11] Lombardo I et al 2016 J. Phys. G 43 45109
[12] Milin M and von Oertzen W 2002 Eur. Phys. J. A 14 295
[13] Freer M et al 2011 Phys. Rev. C 84 034317
[14] Lombardo I et al 2013 Nucl. Instrum. Meth. Phys. Res. B 302 19
[15] Lombardo I et al 2014 J. Phys. Conf. Series 569 012068
[16] Freer M et al 2014 Phys. Rev. C 90 054324
[17] Baba T, Chiba Y and Kimura M 2014 Phys. Rev. C 90 064319
[18] Leask P 2001 Jour. Phys. G: Nucl. Part. Phys. 27 B9–B14
[19] Ashwood N I et al 2004 Phys. Rev. C 70 0644607
[20] Lombardo I et al 2011 Nucl. Phys. B Proc. Suppl. 215 272
[21] Grenier F et al 2006 Nucl. Phys. A 764 233
[22] Pagano A 2012 Nucl. Phys. News 22 25
[23] DeFilippo E and Pagano A 2014 Eur. Phys. J. A 50 32
[24] Russotto P et al 2015 Phys. Rev. C 91 014610
[25] DeFilippo E et al 2009 Acta. Phys. Pol. B 40 06011
[26] Lombardo I et al 2010 Nucl. Phys. A 834 458c
[27] Cardella G et al 2012 Phys. Rev. C 85 064609
[28] Cardella G et al 2015 Nucl. Instr. and Meth. A 799 64
[29] Dell’Aquila D et al 2016 EPJ Web of Conf. 117 06011
[30] Dell’Aquila D et al 2016 Phys. Rev. C 93 024611
[31] Dell’Aquila D 2016 Nuov. Cim. C 39 272
[32] Verde G et al 2013 J. Phys. Conf. Series 420 0112158
[33] Pagano E V et al 2016 EPJ Web of Conf. 117 10008
[34] Ahmed S et al 2004 Phys. Rev. C 69 024303


