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New experimental investigation of the structure of 10Be and 16C by means
of intermediate-energy sequential breakup
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10Be and 16C spectroscopy has been investigated by analyzing their breakup events on CH2 and CD2 targets.
Breakup fragments have been detected by means of the CHIMERA detector. In particular, we investigated cluster
decays of 10Be in 4He + 6He and of 16C in 6He + 10Be and 4He + 6He + 6He. From the relative energy analysis
of breakup fragments, we investigate the spectroscopy of excited states of projectile nuclei. In the 10Be case we
observe known states at 9.51, 10.16, 10.6, and 11.8 MeV. Further, we suggest the existence of a new state at
13.5 MeV, possibly 6+ as indicated from angular correlation analysis. The relative energy (Erel + Eth) spectrum
of 16C, reconstructed starting from 6He + 10Be correlations, shows a peak at about 20.6 MeV, probably related
to the existence of an high-lying excited state. Non-vanishing yields are also seen in the triple coincidences
4He + 6He + 6He.

DOI: 10.1103/PhysRevC.93.024611

I. INTRODUCTION

The study of cluster structure in light nuclei represents a
very powerful tool for exploring the behavior of nuclear forces
in few-body interacting systems [1]. For example, residual
interaction between nucleons can lead to the presence of
α clustering, which mostly manifests itself in the structure
of light self-conjugated nuclei ( 8Be, 12C, 16O, 20Ne) [2].
Because of the cluster rearrangement inside nuclei, these
states are usually characterized by very large deformations
and peculiar shapes [3]. An example is the famous Hoyle
state in 12C (0+, 7.654 MeV), for which recent experimental
investigations indicate a triangular shape due to weakly bound
α-like particles [4–6]. Strong deformations could characterize
highly excited states in 16O, where rod-like structures are
predicted by various theoretical calculations [7–9].

However, cluster effects play a very peculiar role also in
neutron-rich beryllium and carbon isotopes [3]. As pointed
out in several papers, the extra neutrons can act to provide sort
of covalent bonds between the α-like centers, contributing to
an increase in the stability of the whole structure [10]. Classical
examples are 9Be and 10Be cases that are bound, while the
self-conjugated nucleus 8Be is unbound. The 9Be ground state
is characterized by large deformation, as has been deduced
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from electron scattering measurements [11]. The appearance
of rotational bands built on states with large moments of
inertia supports the existence of molecular structure in this
nucleus. For the 10Be case, the situation is much more
complicated and not yet fully understood [12]. 0+ and 2+
members of the ground-state rotational band are known, while
the identification of the 4+ state, predicted at excitation energy
of about 11–12 MeV, is still uncertain [12–14]. The existence
of a negative parity rotational band, with the 5.96 MeV (1−)
state as the bandhead, is known [1]. Near the energy threshold
of 4He + 6He decay, the existence of a 0+ state is reported.
This state can be well described in terms of molecular α :
2n : α structure. A rotational excitation of this superdeformed
molecular structure is indicated by the existence of a 2+ state
at 7.54 MeV. The subsequent 4+ member of this molecular
rotational band is predicted to be located at about 10.5 MeV
excitation energy. The presence of an excited state at about
10.2 MeV has been observed in the 7Li( 7Li, 4He + 6He) 4He
reaction [15]. Curtis et al. assigned Jπ = 3− to this state via
angular correlation measurements [16]. This assignment was
subsequently contradicted in Ref. [17] and in recent 6He + 4He
inverse kinematic resonant elastic scattering experiments
[18,19], where a 4+ assignment is made. This state could
therefore be the 4+ member of the molecular rotational
band. Very recently, preliminary results obtained in a new
resonant elastic scattering experiment at the Array for Nuclear
Astrophysics and Structure with Exotic Nuclei (ANASEN)
facility at Florida State University [19] tentatively suggest the
existence of a 6+ excited state in 10Be at about 13.6 MeV. This
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state could represent a new member of the cluster band in 10Be
[20]. Molecular bands have been clearly observed also for the
11Be [1] and 12Be [21–23] neutron-rich isotopes, pointing out
the common nature of clusterization effects in isotopic chains
of light nuclei.

Cluster effects of molecular nature are predicted also in
excited states of neutron-rich carbon isotopes. Interesting
studies have been done recently on 13C [24–26] and 14C
[27] structures via resonant elastic scattering in direct and
inverse kinematics. In this context, 16C has recently attracted a
large interest because of its possible linear molecular structure
[28,29]. The presence of a 4 valence neutron, possibly corre-
lated into two 2n couples by pairing effects, could increase the
stability of linear or triangular three-center α-cluster structure.
Theoretical calculations performed with the antisymmetrized
molecular dynamics (AMD) model supported this hypothesis,
pointing out also the parity-asymmetric nature of a possible
linear chain structure (e.g., a 10Be +α+2n like configuration)
[30]. Unfortunately, very few experimental data have been
reported on the spectroscopy of 16C at excitation energy
values around the cluster disintegration thresholds at 16.5 MeV
( 6He + 10Be) and 22.9 MeV ( 8He + 8Be) [31,32]. For this
reason, no definitive conclusions can be drawn because of the
lack of experimental data.

In the present paper we report new results on the spec-
troscopy of 10Be and 16C excited states above the cluster
emission thresholds. In both cases, breakup reactions of
radioactive projectiles have been used to explore the structure
of these nuclei. Breakup fragments have been detected by
the CHIMERA array. A relative energy analysis of correlated
fragments allows us to inspect the structure of 10Be and 16C
nuclei, pointing out the possible presence of unreported excited
states. In particular, we found indications of a possible state
at about 13.5 MeV in 10Be, as it is seen from the 4He + 6He
coincidence data. The angular correlation analysis points out
a high spin value (possibly 6+) for this state, confirming
the findings of [19]. For the 16C nucleus, the 6He + 10Be
coincidence data suggest the presence of a new state at about
20.6 MeV, possibly predicted in [30], even if the statistics are
too low to perform angular correlation analysis. Nonvanishing
yield is also seen for the 6He + 6He + 4He triple coincidence
data.

II. EXPERIMENTAL DETAILS

The experiment was performed at the In Flight Radioactive
Ions Beams (FRIBs) facility of INFN-Laboratori Nazionali
del Sud (LNS) (Catania, Italy). The fragmentation beam was
produced starting from a 55 MeV/nucleon 18O primary beam
accelerated by the LNS K-800 Superconducting Cyclotron.
A 1.5 mm thick 9Be target was used for fragments pro-
duction. They are subsequently selected in magnetic rigidity
(Bρ≈2.8 T m) via the LNS Fragment Separator, with a
momentum acceptance of �p/p ≈ 0.01. In this way, a cocktail
beam with high intensity of 16C at 49.5 MeV/u (≈105 particles
per second), 13B (≈5 × 104 pps), and 10Be at 56 MeV/u
(≈4 × 104 pps) can be delivered on various targets for physics
experiments. A tagging system [33], made by a microchannel
plate (MCP) detector and a double-sided silicon strip detector
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FIG. 1. Identification plot of the FRIBs cocktail beam. Each
radioactive ion beam (indicated by label) is located in a well-defined
region in (TOF, �E DSSSD) plane. The finite resolution is due to
the combination of detector resolution and LNS Fragment Separator
momentum acceptance.

(DSSSD, 140 μm thick), installed along the beam line, was
used to identify each incoming isotope produced by projectile
fragmentation. An identification of fragmentation products is
obtained by correlating the energy loss in the DSSSD and the
time of flight (TOF) needed to cover the flight path from the
MCP to the DSSSD detector (≈13 m). As shown in Fig. 1,
this tagging system allows a good isotopic separation of beam
particles. The position of the cocktail beam on the target was
determined by using a tracking system based on two position
sensitive DSSSD. The beam spot size on the target was of the
order of 1.5 × 1.5 cm2 with an angular spread of 1◦.

To induce projectile breakup reactions we used a
50 μm polyethylene (CH2)n target. In some runs a 28 μm
deuterated polyethylene (CD2)n target was also used.
The breakup products from the 1H( 10Be, 4He 6He),
2H( 10Be , 4He 6He), 12C(10Be ,4He 6He), and
1H(16C ,6He 10Be), 2H(16C ,6He 10Be), 12C( 16C, 6He 10Be)
reactions were detected by using the 4π multidetector
CHIMERA [34,35]. It comprises 1192 Si-CsI(Tl) telescopes,
covering �94% of the whole solid angle. The first stage of
the telescope has a 300 μm thick silicon detector and it is
followed by a CsI(Tl) crystal, having a thickness from 6 to
12 cm in length, depending on the angular position in the
detector, and readout by a photodiode. Further details about
the array and its detection and identification capabilities are
described in Refs. [35–37]. 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◦, with a sufficiently
good granularity for this experiment (varying from 0.133 to
0.458 msr at increasing polar angle). As reported in [38], the
projectile breakup cross section is forward peaked; therefore
we expect to detect a large amount of fragments coming
from projectile breakup in the present angular domain.
Detailed efficiency calculations, performed with Monte Carlo
techniques, will be shown in the following sections for the
two cases of 10Be and 16C breakup processes.
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FIG. 2. �E-E spectrum obtained at θlab = 3.1◦. The x-axis
values are proportional to the residual energy released in the second E

detection stage [CsI(Tl) scintillator], while the y-axis values represent
the energy loss in the Si first stage �E detector (in channels). The
insert shows a magnified view of the same identification plot.

Si and CsI(Tl) detectors of the CHIMERA array were
calibrated via elastic scattering of various light ion beams
impinging on a polyethylene target. Great care has been taken
in the CsI(Tl) calibration. The dependence of the CsI(Tl)
response on the mass and charge of incident particles [39]
was taken into account by using the parametrization given
in [40], as discussed in detail in Ref. [41]. Charge and mass
identification of fragments was based on the �E-E technique.
A typical particle identification matrix is shown in Fig. 2.
The lines corresponding to different nuclear species, from
helium to carbon, are clearly identified. As seen in the insert
of Fig. 2, 4He and 6He can be unambiguously identified.
Reasonable isotopic identifications can be also obtained up to
beryllium isotopes. In particular, in the case of beryllium, the
main contribution to the scatter plot comes from the 10Be line,
ending with the 10Be elastic scattering peak.

III. EXPERIMENTAL RESULTS

To reconstruct the excitation energy of the decaying nuclear
states, we analyzed kinematical correlations between couples
of breakup fragments coming from the inelastic excitation of
10Be and 16C projectiles. In particular, by measuring their
masses, energies, and emission angles, we reconstructed the
kinetic energy of the two breakup fragments in the reference
frame of the emitting nucleus. The corresponding excitation
energy was obtained by adding the rest mass of the exit breakup
channel with respect to the emitting nucleus ground state
(energy threshold, Eth) to the measured total kinetic energy in
the emitting nucleus frame (relative energy, Erel). Details about
this technique can be found, for example, in Refs. [16,42–44].

As a preliminary check of our experimental technique we
analyzed the case of α-α and 3α correlations. In the first case,
the obtained relative energy spectrum, reported in Fig. 3, shows
a narrow peak at about 0.09 MeV, clearly compatible with the
emission from the 8Be ground state. This evidence is supported
by the result of a Monte Carlo simulation (red line), obtained

 (MeV)relE
0 1 2 3 4 5 6

co
un

ts
 p

er
 3

0k
eV

0

500

1000

1500

2000

2500

91
.8

 k
eV

gh
os

t p
ea

k

3.
13

 M
eV

Exp. data

Monte Carlo

10 15 20 25

co
un

ts
 p

er
 1

30
ke

V

0

20

40

60

80

100

) 
H

oy
le

 s
ta

te
+

7.
65

4 
(0

)-
9.

64
1 

(3

)-
11

.8
3 

(2
)

+
12

.7
1 

(1

 (MeV)th+ErelE

FIG. 3. 8Be relative energy spectrum from the α-α correlations
(green points). The red line is the result of a Monte Carlo simulation
considering 8Be disintegration from the ground state. Insert shows
the 12C relative energy (Erel + Eth) spectrum obtained from the 3α

correlations. Arrows indicate the energy position of 12C known states
reported in literature. The low-energy narrow peak is compatible with
the Hoyle state.

with the assumptions described in the following section. A
wide bump also appears centered at about 3 MeV, an indication
of the 3.04 MeV 2+ state of 8Be. The ghost peak (≈0.6 MeV),
caused by the decay by neutron emission of the 9Be 2.43 MeV
5/2− state, is also present in analogy to [45], confirming the
consistency of the procedure. Interesting results have been
obtained also from the triple coincidences. In this case we
can investigate the disintegration of 12C via 3α emission. The
corresponding relative energy spectrum is shown in the insert
of Fig. 3. Arrows indicate the position of known states in 12C.
In particular, the narrow peak at low energies, well separated
from the large peak at 9.64 MeV due to the 3−

1 state, is evidence
of the 3α disintegration of 12C from the Hoyle state.

A. 10Be case

When a projectile nucleus impinges on a CH2 target, one
can induce reactions on C or H nuclei, with important changes
in the reaction kinematics and in the dominant involved
reaction mechanism. If we consider the coincidences of 4He
and 6He fragments in our data, an inspection of the Q-value
spectrum obtained by momentum conservation and assuming a
carbon recoil shows the appearance of a narrow peak centered
around the Qggg value (i.e., −7.409 MeV), that corresponds
to breakup reactions induced by inelastic scattering on carbon,
and a broader low-lying peak, in analogy to [38]. This peak is
shifted to the Qggg value if we assume a recoiling hydrogen.
As discussed in [38], this behavior is useful in discriminating
between the two target components.

The excitation energy of the 10Be nucleus has been
therefore reconstructed via the 4He + 6He cluster breakup
channel, from the relative energy of the two fragments. Since
we do not observe significant differences in the excitation
energy spectra from the two target contributions (CH2 and
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FIG. 4. 10Be relative energy (Erel + Eth) spectrum obtained from
the 4He + 6He decay channel. Vertical arrows indicate the energies
of known states of this nucleus. In round brackets we plot the J π

assignment taken from the literature. The dashed lines represent
the simulated detection efficiencies obtained by assuming hydrogen
recoil (red dotted line) or carbon recoil (orange dashed line). The
green dashed-dotted line is the uncorrelated background estimated
by an event mixing procedure. The insert shows the results of a
Monte Carlo simulation obtained by considering the contributions of
the excited states listed in Table I, compared to the experimental data
(black points with error bars).

CD2), in order to increase the statistics we report in Fig. 4 the
relative energy (Erel + Eth) spectrum obtained by summing the
data from both targets. The vertical arrows in Fig. 4 indicate
the energies of 10Be excited states known in the literature
(as discussed in Sec. I and reported in Table I). Despite the
low statistics and limited relative energy resolution, they are
in agreement with the present data. It is very interesting to
observe that the appearance of a 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 or is due to different
effects, we evaluated the expected background (due to spurious
coincidences) and the detection efficiency.

As a first approximation, the background can be described
by considering the contribution of uncorrelated couples of
particles (event mixing). The background due to event mixing,
shown in Fig. 4 with the green dashed-dotted line, was
calculated by selecting couples of 4He and 6He coming from
different events of reaction induced by all the isotopes of the
cocktail beam.

TABLE I. 10Be level structure from 4He + 6He breakup channel.

Ex (MeV) J π �tot (MeV)

9.51 2+ [38,45,53] 0.14 [16,31]
10.6[31] 0.20 [15,16]
11.8 (4+)[31,52] 0.12 [31,52]
�13.5 (6+)[19], this work (<0.35) this work

The detection efficiency (dashed lines in different colors)
was estimated by performing a Monte Carlo simulation of
the CHIMERA multidetector. As suggested in the literature
[38,43,46] the angular distribution of inelastic scattering at
intermediate energies can be approximately described by the
formula dσ

d	c.m.
∝ exp (− θc.m.

α
), where α is a fall-off factor of

the order of 12◦–16◦. Two different efficiency curves have
been obtained by taking into account the interaction of
projectiles with hydrogen (red dotted curve in Fig. 4) and
carbon (orange dashed curve in Fig. 4). The trends of the
two estimated efficiency curves are different because of the
different scattering kinematics: at Ex = 10 MeV in 10Be,
the limiting angle for scattering on hydrogen is about 5.2◦,
while for scattering on carbon there is no limiting angle.
Therefore, the geometrical coverage of the first three rings
of the CHIMERA array leads to higher detection efficiency
in the case of the hydrogen target because of the more
forward-focused kinematics. In all cases, the shapes of the
event mixing background and of the efficiency curves are very
smooth and should not lead to the presence of spurious peaks
in the relative energy spectrum. For these reasons we suggest
attributing the 13.5 MeV bump to the decay from an excited
state in 10Be.

This state would be energetically compatible with the
missing 6+ member of the 10Be molecular rotational band,
studied in [17], and made of the 6.179 MeV state as a 0+
member, the 7.542 MeV as a 2+ member, and the 10.2 MeV
state (observed also in this experiment) as a possible 4+
member. Spin and parity of the suggested 13.5 MeV state
can be tentatively estimated via angular correlation analysis
in terms of Legendre polynomials [47–49]. Figure 5 shows
the | cos 
 ′| distribution for the 13.5 MeV peak, where 
 ′ =

 + �
, with 
 the angle formed by the relative velocity
vector of the two detected fragments with the beam axis and
�
 the phase shift correction, as discussed for example in
[21,48–50]. The last term can be calculated via the relation
�
 = �i−J

J
θc.m., where �i is the angular momentum of the

dominant partial wave in the entrance channel, J is the spin
of the resonance, and θc.m. is the inelastic scattering angle in
the center-of-mass frame. The θc.m. angle can be estimated
by means of kinematics calculations; the nature of recoiling
targets can be discriminated with selections on the Q-value
spectrum. Considering that at intermediate energies, inelastic
scattering processes have essentially a direct and peripheral
nature, only a narrow window of angular momenta centered
around the grazing value �g would contribute to the scattering
amplitude because of the short range of the nuclear part of
the interaction [50]. For this reason, we can assume �i ≈ �g

as a first approximation. The �g has been calculated with the
Wilcke model [51]. For example, in the present case we have
�g ≈ 10� for the proton target.

The behavior of the experimental data, shown for the 11.8
MeV bump in the case of J = 4 assignment [Fig. 5(a)] and
for the 13.5 MeV bump in the case J = 6 [Fig. 5(b)] assign-
ment, is compared with the theoretical prediction W (θ∗,
) ∝
|PJ (cos 
 ′)|2, where PJ are the Legendre polynomials of
J order; this theory is valid for spinless particles in the
exit channel. Because all the known excited states of 6He
decay by particle emission with t1/2 � 5.8 × 10−21 s (a
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FIG. 5. Angular correlation distribution of 4He + 6He breakup
channel for the 11.8 MeV (a) and for the 13.5 MeV (b) bumps
seen in the 10Be relative energy (Erel + Eth) spectrum, compared
with the expected angular distribution assuming (a) J = 4 (red line)
and (b) J = 6 (blue line). The theoretical angular distributions are
corrected for the detection efficiency, presented with the magenta
dashed line. The corresponding reduced χ 2 are also indicated for each
case.

factor ≈1012 times smaller than the typical time of flight
of detected particles), the direct detection of 6He breakup
fragments entails that we are observing 6He produced in
their 0+ ground state. The theoretical curves (solid lines)
have been corrected for the calculated detection efficiency,
estimated via a Monte Carlo simulation (shown by the magenta
dashed lines). Moreover, the Legendre polynomials being
squared even functions, i.e., |PJ (cos 
 ′)|2 = |PJ (| cos 
 ′|)|2,
we have presented the | cos 
 ′| distribution, instead of cos 
 ′,
in order to increase the statistics. As an example, this
procedure can be applied to the 11.8 MeV state, for which
the literature suggests a possible Jπ = 4+ assignment [31,52].
The corresponding angular correlation, shown in the top panel,
partially agrees with the theoretical curve for a 4+ assignment.
The discrepancies can be attributed to the presence of a
non-negligible background or to contributions of close-lying
states with different Jπ .

A similar analysis has been carried out for the 13.5 MeV
state; experimental angular correlation has been compared
with theoretical predictions for various J values from 0 to
8. Based on χ2 analysis, the best fit of data is obtained
assuming Jπ = 6+ (χ̃2 = 0.62). Despite the low statistics and
the presence of background, the agreement is reasonably good
as visible in Fig. 5(b).

As a final test of the present analysis, we performed a com-
plete Monte Carlo simulation of the experiment considering
all the states listed in Table I and assuming that, as a first
approximation, the reaction mechanism leads to equal state
population. We have also taken into account the Jπ of each
state by considering the corresponding angular correlation.
The simulated spectrum has been normalized to the area of
the experimental one. The result is shown in the insert of
Fig. 4 by the shaded histogram, which is in nice agreement
with the experimental data (black dots). These calculations
point out that at ≈13.5 MeV excitation energy, the relative
energy resolution of the experimental device is ≈0.45 MeV.
In this way we can give an upper limit of ≈0.35 MeV for the
13.5 MeV state width.

It is interesting to observe that the possible existence of
a 13.5 MeV 6+ state in 10Be has been suggested by the
recent observations on resonant elastic scattering reported in
Ref. [19], where the Jπ of the 13.5 MeV peak is estimated by
means of R-matrix fit of experimental data. On the contrary,
a recent ( 18O, 17O) neutron transfer investigation [54] seems
to point out no marked evidence of 10Be states in this energy
region. This finding could indicate the α cluster nature of the
13.5 MeV state in 10Be, being that the α resonant elastic
scattering and the cluster breakup techniques particularly
sensitive to give evidence of α cluster states (especially of
a molecular nature, thanks to the pronounced α + 2n structure
of 6He), while neutron transfer reactions are usually more
focused on the selection of single-particle excitations.

B. 16C case

The 16C structure was investigated by analyzing the
10Be + 6He breakup channel. In analogy to the 10Be case,
the Q-value spectrum was calculated assuming both carbon
and hydrogen recoils. In both cases a bump close to the
corresponding Qggg value (−16.505 MeV) is seen.

As discussed for the 10Be case, the excitation energy of
16C before decaying can be deduced from the relative energy
of the two breakup fragments ( 10Be and 6He in the case here
studied). Combining the data of both targets we found the
spectrum reported in Fig. 6(a). In this case, due to the very
low accumulated statistics, we cannot reasonably estimate the
background contribution with the event mixing procedure. The
presence (even with poor statistics) of a narrow peak at about
20.6 MeV represents the possible signature of an unreported
excited state in 16C. The red and orange dashed curves are
the simulated detection efficiencies by assuming hydrogen
or carbon recoil respectively and the same functional form
of the inelastic scattering angular distribution used for the
10Be case. The efficiency curves exhibit quite smooth trends.
Therefore the peak at Erel + Eth ≈ 20.6 MeV should not be
attributed to effects related to the detection efficiency. Another
interesting point is that also previous works [28,29] show a
yield enhancement at about 21 MeV of 16C excitation energy,
as evident in the insert of Fig. 5. Our data are characterized
by higher statistics as compared to previous experiments. Very
interesting is also the fact that in this excitation energy region,
theoretical calculations of Ref. [30] have predicted the possible
presence of various 6+ states, members of two triangular

024611-5



D. DELL’AQUILA et al. PHYSICAL REVIEW C 93, 024611 (2016)

 (MeV)th+ErelE
20 25 30 35 40

co
un

ts
 p

er
 2

50
 k

eV

0

1

2

3

4

5

6

7

8

9

8% 28%

Excitation Energy (MeV)
10 15 20 25 30

C
ou

nt
s 

pe
r 

20
0 

ke
V

0

1

2
(b)

Excitation Energy (MeV)
10 15 20 25 30

C
ou

nt
s 

P
er

 C
ha

nn
el

0

1

2

3

4
(c)(a)

FIG. 6. (a) 16C relative energy (Erel + Eth) spectrum obtained
from the 10Be + 6He breakup channel. Orange dashed line: Monte
Carlo simulated detection efficiency obtained by assuming 12C
recoils. Red dotted line: Monte Carlo simulated detection efficiency
obtained by assuming 1H recoils. Details on the Monte Carlo
calculations are discussed in the text. (b) 16C excitation energy
spectrum obtained from the 10Be + 6He breakup channel, as reported
in Ref. [29]. (c) 16C excitation energy spectrum obtained from the
10Be + 6He breakup channel, as reported in Ref. [28].

bands and of a linear chain band. Unfortunately, given the
low statistics collected in our experiment, we cannot exclude
its attribution to phase-space decay without assumption of any
state and we are unable to investigate the angular correlation
for the 20.6 MeV bump.

Finally, it is also possible to explore the structure of 16C
via three-body cluster breakup channels. Following the sug-
gestions of the literature [28] we studied the 6He + 6He + 4He
breakup channel, which gives a very small number of coin-
cidences. The Q-value spectrum for these events, obtained
by assuming hydrogen recoils, shows a broad bump centered
around the Qgggg (−23.914 MeV) value. Including all the
selected 6He + 6He + 4He triple coincidences, without any
cut on the Q-value spectrum, we found the relative energy
spectrum shown with black dashed line in Fig. 7. In the
same figure we show with a green filled histogram the same
relative energy spectrum gated within the Q-value window
Q = Qgggg ± 30 MeV. Despite the very low statistics, the
relative energy (Erel + Eth) spectrum shows an enhanced yield
at about 34 MeV. Indeed the gate on the Q value seems to
slightly reduce the yield in proximity to the 34 MeV peak
and to completely cut the coincidence yield over 40 MeV.
This high-energy region has been also studied in Ref. [30],
indicating the possible presence of the 12+ member of the
above discussed linear chain band.

Because of the very low statistics, this finding needs further
investigations. If the existence of a high-energy state in 16C,
visible via three-body breakup, will be confirmed, it would be
the first indication of three-body cluster disintegration of 16C,
since the literature [28] does not provide the evidence of this
rare process.
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FIG. 7. 16C relative energy (Erel + Eth) spectrum for the three-
body 6He + 6He + 4He breakup channel. The black dashed histogram
represents the relative energy (Erel + Eth) spectrum obtained without
cuts on the Q value. The green filled histogram is obtained by gating
the reconstructed Q value (assuming hydrogen recoils) in the range
Q = Qgggg ± 30 MeV.

IV. CONCLUSIONS

In conclusion, the structures of 10Be and 16C have been
investigated via projectile breakup reactions using cocktail
radioactive fragmentation beams. First, we investigated the
10Be∗ → 6He + 4He breakup channel; from this analysis
we found the presence of known excited states and also the
possible indication of a new state at about 13.5 MeV. Angular
correlation analysis of the 13.5 MeV peak tentatively suggests
a possible 6+ spin-parity assignment for this state. Our finding
seems in agreement with a very recent work [19], where
6He + 4He elastic scattering was studied. This 13.5 MeV state
could be compatible in energy with the expected 6+ missing
member of the 10Be molecular rotational band investigated
in [17].

The structure of 16C was investigated via the 10Be + 6He
and 6He + 6He + 4He decay channels. In the first case we
found a yield enhancement at about 20.6 MeV excitation
energy that seems to be consistent with results obtained in
other low statistics measurements [28,29]. This finding could
be related to the excitation of a state near 21 MeV, but because
of the limited statistics, we cannot exclude its attribution to
phase-space decay without assumption of any state. In the
second case, an enhancement of the triple coincidence yield is
seen at about 34 MeV. In both cases a new measurement with
better statistics is needed to confirm the present experimental
findings.

We plan to carry out new experiments at the FRIBs facility
with improved statistics by taking advantage of a future
upgrade of the primary beam current. Further, we will improve
the reconstruction of relative energy by coupling CHIMERA
with a new high-granularity hodoscope, the femtoscope array
for correlations and spectroscopy (FARCOS) [55], placed
at forward angles. These points will allow us to obtain
firmer spectroscopic information on light nuclei far from the
stability line.
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