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Abstract
The spectroscopy of 10Be and 16C isotopes is studied via projectile break-up
reactions induced on polyethylene (CH2) target, by using a 55 MeV/u 10Be
and a 49 MeV/u 16C beams provided by the FRIBs facility at INFN-LNS.
We reconstruct the 10Be and 16C relative energy spectra to evince the pres-
ence of excited states characterized by cluster structure. By inspecting the
4He+6He relative energy spectrum we find evidence of a new possible state
of 10Be at 13.5 MeV for which the corresponding angular correlation indi-
cates a hypothetical 6+ assignment. Finally, from binary (6He+10Be) cluster
decomposition of 16C we show the indication of a possible new state at about
20.6 MeV.

1. Introduction

The study of cluster structures in light nuclei is considered an important tool to understand the prop-
erties of nuclear forces in few body systems [1]. In fact, clustering in nuclei reflects the correlations
between nucleons inside the nuclear volume, due to the quantum nature of nuclear systems. The sim-
plest example is offered by the case of self-conjugated nuclei (such as 8Be, 12C, 16O, 20Ne), in which
the nucleon-nucleon correlations, given the great stability of the α particle, could determine a spatial
reorganization of nucleons into α-cluster structures [2]. These cluster structures could be characterized
by very large deformations and peculiar shapes [3]. An important example is the Hoyle state in 12C
(0+, 7.654 MeV), whose cluster structure is of fundamental importance also in Nuclear Astrophysics
[4, 5, 6, 7].

An increasing interest on the study of clusters in nuclei has been triggered by the evidence (in
the last decades) that clustering effects could also be observed in non-self conjugated nuclei. In this
case clustering phenomena could show very different features. Important examples are the neutron-
rich nuclei, where the extra-neutrons can provide sort of covalent bonds between α-like centers with
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the subsequent increasing of the nuclear stability (look for example at the 9Be and 10Be isotopes that
are weakly bound while the 8Be is unbound) eventually leading to the possible formation of the so
called nuclear molecules [1, 8]. The neutron-rich beryllium isotopes, together with the carbon ones,
represent a very important case also because of their possible, respectively, dymeric and linear chain
configurations, discussed in several recent papers [3, 8].

In the study of the beryllium isotopic chain a special attention must be paid to the 10Be isotope.
This nucleus is characterized by a highly-deformed ground state [9] on which a positive parity rotational
excitation is built. For this rotational band, the 2+ member is well known (3.37 MeV excitation energy),
while its continuation has been object of recent publications because of the uncertainties of the 4+

member assignment [11, 10, 12, 13], predicted at about 11–12 MeV. A negative parity rotational band
with a 1− state at 5.96 MeV as band-head is also reported in [1]. The presence, close to the 4He+6He
emission threshold, of a molecular 0+ state (≈ 6.18 MeV), predicted in the AMD calculation [9], has
been experimentally confirmed. This state can be well described in terms of molecular dimeric α : 2n : α

structure. The existence of a 2+ state at 7.54 MeV, characterized by a strong molecular structure, is
the indication of the rotational excitation of the 6.18 MeV state. The subsequent 4+ member of this
molecular rotational band is predicted to be located at about 10.5 MeV excitation energy. A 10.2 MeV
state was found via the 7Li(7Li,4He+6He)4He reaction [14]. Curtis et al assigned Jπ=3− to this state
via angular correlation measurements [15]. This assignment was subsequently contradicted in Ref.
[16] and in recent 6He+4He inverse kinematic resonant elastic scattering experiments. This state could
therefore be the 4+ member of the molecular rotational band. A very recent resonant elastic scattering
6He+4He experiment at the ANASEN facility [17] has also shown, as a preliminary result, the existence
of a 6+ excited state in 10Be at about 13.6 MeV. This state is compatible, on the energetic point of view,
with the 6+ member of the cluster state band in 10Be [18], of which could represent the continuation.

Another interesting isotopic chain is the carbon one. In particular, the neutron-rich carbon iso-
topes represent an important case for the Nuclear Physics of clusters, because of the various theoretical
predictions of possible linear chain and triangular configurations of these nuclei. Interesting studies
have been done recently on 13C [19, 20, 21] and 14C [22] structure via resonant elastic scattering in
direct and inverse kinematics. The 16C, for which the spectroscopy is absolutely not well known, es-
pecially above the helium disintegration threshold, has recently attracted a large interest [23, 24]. For
this isotope, a recent theoretical calculation [25] indicated the possible existence of various molecular
states, constituted by three α centers bounded by two couple of valence neutrons, with triangular and
linear shapes. These states could give rise to molecular bands, but unfortunately an experimental con-
firmation of these predictions is still missing because of the poor statistics of the experiments reported
in literature.

In the present paper we report new results on the spectroscopy of 10Be and 16C excited states
above the cluster emission thresholds, investigated via sequential projectile break-up reactions. Break-
up fragments have been detected by the Chimera array. A relative energy analysis of correlated break-up
fragments has allowed us to point out the possible existence of new states of these nuclei. In particular,
we found indications of a possible state at about 13.5 MeV in 10Be, as seen from the 4He+6He coinci-
dence data. The corresponding angular correlation analysis shows an high spin value (possibly 6+) for
this state, confirming the findings of [17]. For the 16C nucleus, the 6He+10Be correlations suggest the
presence of a new state at about 20.6 MeV, in agreement with calculations of [25].

2. Experimental details

Break-up reactions have been induced on a polyethylene CH2 target. For the present experiment we
have selected reaction products from the 1H(10Be,4He6He),2H(10Be,4He6He),12C(10Be,4He6He) and
1H(16C,6He10Be),2H(16C,6He10Be) reactions. To obtain spectroscopic information on 10Be and 16C
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nuclei we measured masses, energies and flight directions of the corresponding break-up fragments
with the CHIMERA 4π multi-detector [27, 28, 29, 30]. It is constituted by 1192 Si-CsI(Tl) telescopes,
covering ' 94% of the whole solid angle. The first stage of the telescope is constituted by a 300 µm
thick silicon detector and it is followed by a CsI(Tl) crystal, having a thickness of 12 cm and read-out
by a photodiode. In the present experiment we used the first three forward rings of the Chimera array,
covering the polar angle range 2.2◦ ≤ θ ≤ 6.4◦. Thanks, on one hand, to the forward peaked cross
section of inelastic excitation on carbon [31], and, on the other hand, to the small limiting angle of
inverse kinematics excitation on hydrogen, we expect to detect a large amount of fragments coming
from projectile break-up in this present angular domain.

2.1 The 10Be case
The 10Be spectroscopy has been studied via the 4He+6He correlation with the above described tech-
nique. The corresponding relative energy (Erel +Ethr) spectrum is reported in Fig. 2 with the green
line. Despite the low statistics and the limited resolution some peaks are visible. They are in agreement
with suggestions given in the literature, as pointed out by the arrows indicating the energy position of
known states. It is very interesting to observe that the presence of another bump at Ex ' 13.5 MeV
suggests the possible fingerprint of a new, unreported, state in 10Be. To check if the observed peak
can be really ascribed to the existence of an excited state in 10Be we evaluated the detection efficiency.
This contribution was calculated via a Monte Carlo simulation with the same prescriptions than for the
8Be case. Because of the different kinematics between inelastic scattering on Hydrogen or Carbon, the
two components of the composite target, we performed two different simulation taking into account the
different possible target nuclei.

Spin and parity of the suggested 13.5 MeV state can be tentatively estimated via an angular cor-
relation analysis. Fig. 1 shows the |cos(Ψ′)| distribution of the events falling into the 13.5 MeV peak,
where we have indicated with Ψ′ the angle formed by the relative velocity vector of the two fragments
with the beam axis (Ψ) taking into account the phase shift term (∆Ψ), as suggested for example in
[35, 36, 37]. This correction is useful to make direct comparisons with the corresponding Legendre
polynomial squared, being |cos(Ψ′)| ∝ |PJ(cos(Ψ′))|2, where PJ is the J-order Legendre polynomial
and J is the spin of the resonance. As a first approximation, the phase shift term ∆Ψ can be calcu-
lated, following the suggestions of Refs. [35], by the relation ∆Ψ = `i−J

J θcm, where `i is the angular
momentum of the dominant partial wave in the entrance channel. Considering that, in a semi-classical
picture, at intermediate energies inelastic scattering processes have essentially a direct and peripheral
nature, only a narrow window of angular momenta centred around the grazing value `g would contribute
to the scattering amplitude [37]. For this reason, we can assume `i ≈ `g. The `g has been calculated
with the Wilcke model [38]. For example, in the present case we have `g ≈ 10h̄ for proton target. For
clarity reasons we have presented in Fig.1 the behaviour of the experimental data (black points) cor-
rected considering a J = 6 resonance and compared with the corresponding theoretical prediction (red
line), for which we have obtained a better agreement. The last one has also been corrected for the esti-
mated detection efficiency (represented by the dotted line). As clearly visible from the figure, the J = 6
theoretical prediction is in satisfactory agreement with the experimental data, possibly confirming the
preliminary results reported in Ref. [17].

2.2 The 16C case
Finally, we have studied the 10Be+6He correlations to investigate the spectroscopy of 16C. The cor-
responding relative energy (Erel +Ethr) is shown in Fig. 2. The red and black dashed lines are, re-
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Fig. 1: (color online) 6He-4He angular correlations
for the 13.5 MeV state of 10Be corrected for the
phase shift term considering a J = 6 resonance. The
red line is the corresponding theoretical prediction
|P6(cos(Ψ′))|2 corrected for the efficiency (dashed
line).
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Fig. 2: (color online) 16C relative energy spectrum
(Erel +Ethr) for the 10Be+6He break-up channel. The
red and the black dashed lines represent, respectively,
the simulated detection efficiency for inelastic scatter-
ing on proton, peaking at 28%, or carbon, peaking at
8%.

spectively, the efficiency for inelastic scattering on hydrogen or carbon, in analogy with the previous
discussion. In this case the statistics is very low, but anyway an yield enhancement corresponding to
an excitation energy of about 20.6 MeV is visible. As in the case of 10Be, the efficiency curves exhibit
a flat behaviour, indicating that the 20.6 MeV bump should not be attributed to efficiency effects. It
is very interesting to note that also previous experiments [24, 23] show, with lower statistics, the same
yield enhancement. For these reasons, we could attribute this bump to a new state; furthermore, in these
energy region, some linear chain states and triangular states have been pointed out in the theoretical
paper [25].

3. Conclusions and perspectives

In conclusion, we studied the structure of 10Be and 16C via break-up reactions induced on CH2 target
and using a radioactive cocktail beam produced at the FRIBs facility (LNS).

From the analysis of 6He-4He coincidences we investigate the spectroscopy of 10Be, observing
some excited state reported in literature and the evidence of a new state. For this new state, possibly ob-
served also in the preliminary analysis [17], we studied the corresponding angular correlation, pointing
out a tentative 6+ spin and parity assignment in agreement with [17].

The structure of 16C is investigated via the 10Be+6He break-up channel. In this case we find an
yield enhancement at about 20.6 MeV excitation energy that could be the fingerprint of the possible
existence of a new molecular state in 16C, possibly seen also in the previous experiments [24, 23], but
with lower statistics.

References
[1] W. Von Oertzen, M. Freer, and Y. Kanada-En’yo, Phys. Rep. 432 (2006) 43.
[2] K. Ikeda, N. Tagikawa, and H. Horiuchi., Prog. Theo. Phys. Suppl. (1968) 464.
[3] C. Beck, Clusters in Nuclei (Springer, Heidelberg, 2013), Vol. 1,2,3.
[4] M. Livio et al., Nature 340 (1989) 281.
[5] M. Freer and H.O.U. Fynbo, Prog. Part. Nucl. Phys. 78 (2014) 1.
[6] D.J. Marin-Lambarri et al., Phys. Rev. Lett. 113 (2014) 012502.



Investigation of 10Be and 16C structure with break-up reactions at intermediate energies 213

[7] W.R. Zimmermann et al., Phys. Rev. Lett. 110 (2013) 152502.
[8] W. Von Oertzen, Zeit. Phys. A 357 (1997) 355.
[9] Y. Kanada-En’yo, J. Phys. G 24 (1998) 1499.

[10] H.T. Fortune and R. Sherr, Phys. Rev. C 84 (2011) 024304.
[11] N.I. Ashwood et al., Phys. Rev. C 68 (2003) 017603.
[12] H.G. Bohlen et al., Phys. Rev. C 75 (2007) 054604.
[13] D. Suzuki et al., Phys. Rev. C 87 (2013) 054301.
[14] N. Soic et al., Europhys. Lett. 34 (1996) 7.
[15] N. Curtis et al., Phys. Rev. C 64 (2001) 044604.
[16] M. Freer et al., Phys. Rev. Lett. 96 (2006) 042501.
[17] G.V. Rogachev et al., J. Phys.: Conf. Ser. 569 (2014) 012004.
[18] R. Wolski et al., Phys. At. Nucl. 73 (2010) 1405.
[19] M. Milin and W. von Oertzen, Eur. Phys. J. A 14 (2002) 295.
[20] M. Freer et al., Phys. Rev. C 84 (2011) 034317.
[21] I. Lombardo et al., Nucl. Instrum. Meth. Phys. Res. B 302 (2013) 19.
[22] M. Freer et al., Phys. Rev. C 90 (2014) 054324.
[23] P.J. Leask, Jour. Phys. G: Nucl. Part. Phys. 27 (2001) B9.
[24] N. I. Ashwood et al., Phys. Rev. C 70 (2004) 0644607.
[25] T. Baba, Y. Chiba and M. Kimura, Phys. Rev. C 90 (2014) 064319.
[26] I. Lombardo et al., Nuc. Phys. B 215 (2011) 272.
[27] E. De Filippo and A. Pagano, Eur. Phys. J. A 50 (2014) 32.
[28] A. Pagano et al., Nucl. Phys. News 22 (2012) 25.
[29] A. Pagano et al., Nucl. Phys. A 734 (2004) 504.
[30] F. Porto et al., Acta Phys. Pol. B 31 (2000) 1489.
[31] M. Freer et al., Phys. Rev. C 63 (2001) 034301.
[32] A.G. Artyukh et al., Nucl. Exp. Tech. 1 (2009) 19.
[33] N. I. Ashwood et al., Phys. Rev. C 70 (2004) 024608.
[34] S. Ahmed et al., Phys. Rev. C 69 (2004) 024303.
[35] M. Freer et al., Phys. Rev. Lett. 82 (1999) 1383.
[36] A. Cunsolo et al., Phys. Rev. C 21 (1980) 2345.
[37] G. R. Satchler, Direct Nuclear Reactions (Oxford University Press, New York, 1983), p. 553.
[38] W.W. Wilcke et al., At. Data Nucl. Data Tab. 25 (1980) 389.




