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10B + 10B reactions are measured with 50 and 72 MeV beams. The large spin of both beam and target nuclei
(Jπ = 3+) is particularly suitable for the population of high spin states in the exit channels. Population and decay
of different states in 12C are studied through sequential decay reactions. The 12C excitation energy spectrum
obtained from the 10B(10B, 8Be) reaction shows a number of both known and new states. In particular, a new
state at Ex = 24.4 MeV is observed to be strongly populated in the triple α-particle coincidences. The rarely seen
state at Ex = 30.3 MeV is found to be strong in the d + 10B decay channel, reinforcing the previous suggestions
that it has the exotic 2α + 2d molecular structure.

DOI: 10.1103/PhysRevC.99.064318

I. INTRODUCTION

Not many nuclei are so thoroughly studied (both experi-
mentally and theoretically) as 12C, a seemingly simple quan-
tum system of only six protons and six neutrons. A large
part of that interest arise from its importance in stellar nu-
cleosynthesis: it is essential for the helium burning phase and,
as such, it is crucial for production of all heavier elements.
But a significant part of the interest stems also from purely
fundamental motives to understand the 12C structure in its full
complex richness from basic principles.

A special status among the 12C states is reserved to the
second 0+ state, at Ex = 7.65 MeV. This so-called Hoyle state
[1] is within the Gamow window above the α-decay threshold
(7.37 MeV) and, as such, it is responsible for the dramatic
speed-up of helium burning [2]. Among all excited states in
all nuclei, this makes the Hoyle state the single most important
one (for nucleosynthesis), because most of the nuclei heavier
than carbon are virtually produced through it.

Modeling the Hoyle state turned out to be a non-trivial task
because it seems to have a unique structure [2], different even
from the neighboring light nuclei which are often unusual
themselves. Identifying the 12C states related (as, e.g., rota-
tional excitations) to the Hoyle state could help that mission,
as well as completing and systematizing the 12C spectroscopy
in general. An important step in that direction was a recent
work [3] reporting a new state (5− at Ex = 22.4 MeV), and
explaining most of the low-lying 12C states as corresponding
to a triangular oblate spinning top with a D3h symmetry [4].

The 12C structure is also discussed within the frameworks
of many other theoretical models, starting with classic cluster
microscopic 3α-cluster models such as the resonating group
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method (RGM), generator coordinate method (GCM), and
orthogonality condition method (OCM) [5–12], including the
more recent ones based on antisymmetrized molecular dy-
namics (AMD) [13], fermionic molecular dynamics [14], or
the ones describing some 12C states as Bose-Einstein con-
densates [15–17], and finally recent ab initio no-core shell
model calculations [18], the no-core symplectic model [19],
and effective field theory calculations on the lattice [20,21].
The obviously unusual structure of the Hoyle state is also
reflected by the fact that it cannot be simply described within
shell model calculations, even when 4h̄ω excitations are in-
cluded [22]. A very recent review of microscopic clustering
in nuclei [23] gives more details on theoretical progress made
in explaining the 12C structure (as well as many other nuclei).

From the experimental side, 12C is still the focus of many
new measurements. In the already mentioned recent experi-
mental work by Lámbarri et al. [3] a new state was found at
Ex = 22.4(2) MeV using inelastic excitation of the 12C target
nuclei by an α-particle beam and sequential decay of 12C into
the 3α channel. The state was suggested to have Jπ = 5−
and to fit very well to the predicted ground state rotational
band of an oblate equilateral triangular spinning top with
D3h symmetry. These results are consistent with the findings
of several other measurements [24–27], that were focused
on studies of the Hoyle state and its possible excitations. A
new state is also found [28] at Ex = 13.3 MeV and assigned
Jπ = 4+. The detection efficiency in most of the mentioned
experiments fell strongly above ≈20 MeV, so higher lying
states (discussed in this paper) were not seen.

Most of the 12C states below Ex ≈ 20 MeV fit [3] into
the spectrum predicted by modeling 12C as triangular oblate
spinning top with D3h symmetry [4]. However, that and other
models predict also a number of states at higher excitation
energies, e.g., AMD calculations [13] predict 2+, 3−, 5−, and
6+ states within 10 MeV from the 3α threshold, and those
were not yet identified. It is important to identify excited
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negative parity states (3−, 4−) associated with the Hoyle
state, in order to distinguish between its different geometric
interpretations; there are also predictions that these states will
not be seen at all [29].

Completing the experimental data for 12C is therefore
essential, also at higher excitation energies. A recent study
[30] of the high excitation energy region (Ex > 15 MeV) using
the 12C(3He, 3He)3α reaction found states at 16.3 (0.2), 17.2
(0.2), 18.4 (0.2), 19.7 (0.2), 22.2 (0.3), and 25.1 (0.3) MeV.
Some of these states can be related to states already listed
in the last compilation [31], while at least some of them
are new states. The results support the earlier assignment of
the 22.4 MeV state (in that experiment [30] seen at Ex =
22.2 MeV) as the 5− member of the rotational band of an
oblate equilateral triangular spinning top with D3h symmetry.
Some suggestions are also given regarding the structure of the
19.7 and 25.1 MeV states, but further experimental results are
needed (e.g., spins and branching ratios for the decay to the
8Be2+ + α channel).

The present paper reports on results concerning several 12C
states populated through 10B + 10B reactions. The complex
structure of the low-lying states of the 10B nucleus, which
can be described as a mixture of shell model and cluster con-
figurations of the type 6Ligs + α or 6Li(0+

2 , 1) + α, together
with a high spin of the ground state Jπ = 3+, are expected
to enable the population of a range of different high-spin
states in a variety of nuclei around A ≈ 10, at high excitation
energies. In this work we give only results for the 12C states
populated through different exit channels, while data obtained
for cluster states of several other isotopes (10,11B, 11C, 14N,
etc.) will be given in a followup paper. In the next sections we
first give details of the performed experiment and the obtained
experimental results, which is then followed by a discussion
of the observed 12C states.

II. EXPERIMENT

In order to further study the structure of nuclei in the
A ≈ 10 mass region, the 10B + 10B reactions were measured
at beam energies of 50.0 and 72.2 MeV. The experiment
was performed at INFN-LNS Catania, using the SMP Tan-
dem accelerator and targets enriched in 10B up to 99.8%.
Reaction products were detected with a highly segmented
detector setup covering a large solid angle and allowing the
detection of single events as well as two- and three-particle
coincidences. The selectivity of the 10B + 10B reactions in
populating different states of neighboring nuclei was studied,
together with the sequential decay of states in question. Data
were collected in the coincidence mode.

The detector setup consisted of four �E -E silicon tele-
scopes, each composed of a thin �E detector (57–67 μm),
divided into four quadrants and a thick double-sided silicon
strip detector (DSSSD) (500 or 1000 μm), divided into 16
strips in both front and back sides. Three detector setups were
used, with different polar angles of the detector centers: setup
1 (40◦, 20◦, −20◦, −40◦), setup 2 (40◦, 20◦, −30◦, −50◦), and
setup 3 (46◦, 26◦, −33◦, −53◦). Each detector covered polar
angles in the range ±4◦ around the center, with openings in the
azimuthal angles corresponding to the distance to the target
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FIG. 1. An example of the �E -E spectrum for one quadrant
of the thin detector and corresponding strips of the DSSSD thick
detector in the telescope centered at 20◦ (see text for details).

equal to ≈36 cm. Different setups were better optimized for
different reaction exit channels and excitation energies of the
reaction products, and results from all three were combined to
get a whole picture.

Due to the large size of all detectors (50 × 50 mm2) and
their segmentation, telescopes covered a rather broad solid
angle with good angular resolution. This same segmentation
makes the analysis of obtained experimental data rather de-
manding; complications associated with dead layers [32] or
interstrip gaps [33,34] are only part of the problem, the very
basic one being a calibration of a large number of apparently
independent detector channels. Several novel procedure im-
provements [35] allowing easy and accurate calibration of
DSSSDs were used in the analysis; further procedures and
details can be found in Ref. [36].

At both beam energies (50 and 72 MeV) the number of
detected α particles was remarkably higher than the number
of any other detected nuclei. This effect was more pronounced
in coincident events, where even triple α-particle coincidences
were detected with rather large statistics. Figure 1 gives an
example of the �E -E spectrum for one quadrant of the tele-
scope on angle 17.9◦, where different particles can be seen,
from protons, via the most abundant 4He, up to 13C, which
was the heaviest particle detected. High-energy instances of
the lightest detected particles (hydrogen and helium isotopes)
passed through the detectors and therefore were excluded
from the analysis (those events are anyway irrelevant for the
results presented here). Several loci (in between helium and
lithium ones) correspond to the pileup in a quadrant of the
�E component of different telescopes; those events were also
clearly separated and rejected from the subsequent analysis.

III. RESULTS

A. The 10B(10B, αα) reaction

If in the reaction channel 10B(10B, αα) two α particles
are detected in coincidence, by assuming the reaction to be
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FIG. 2. Energy-momentum plot for α-α coincidences seen in all
detector combinations, with all three setups included.

three-body, one can use conservation laws to evaluate energy
and momentum (E3, P3) of the third undetected particle (i.e.,
12C). Using the procedure suggested by [37] to produce the
plot shown in Fig. 2, where Ẽ = E3 − Q and P̃ = p2

3/(2m),
one can observe different lines having the same slope. These
lines correspond to different Q values, with the undetected 12C
being left in different excited states (discussed later). Banding
of the lines arises from the gaps in the detector acceptance
with angle.

Figure 2 allows us to verify if the detected particles are
coming from reaction on the 10B nuclei. Reactions induced on
the 12C contamination in the target were also seen, but they
have different slope and can be separated from the subsequent
analysis. Most of the events in Fig. 2 (i.e., events at high
values of Ẽ ) correspond to the reactions in which 12C is
either highly excited or not produced at all as an intermediate
particle.

Choosing events along one line of Fig. 2, one can study
the 10B +10 B → α + α +12 C∗ reaction with (undetected)
12C left in a given state. Assuming two detected α particles
are coming from sequential decay of 8Be, production of the
8Be excitation energy spectrum is straightforward; one such
spectrum (the one when 12C is left in the first excited state
at Ex = 4.44 MeV) is given in Fig. 3. Several 8Be states are
clearly seen: ground state (g.s.), 2+ at Ex = 3.03 MeV, 2+ at
Ex = 16.92 MeV, and probably 4+ at Ex = 19.86 MeV (our
peak has a centroid at 19.9 MeV; there is also another nearby
known state, 2+ at Ex = 20.1 MeV). The 4+ state at Ex=
11.35 MeV (the third member of the ground state rotational
band) is probably also populated, but due to its very large
width (� ≈ 3.5 MeV) its shape in the spectrum is significantly
modulated with the detection efficiency effects (the same is
true, to a lesser extent, for the 3.03 MeV state). The listed
states are, as expected, the strongest 8Be states populated in
other deuteron stripping reactions from 10B, see, e.g., [38].
Sequential decay through the 16O states is also contributing
to the spectrum given in Fig. 3, but it is found to be rather
weak.
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FIG. 3. The 8Be excitation energy spectrum for the α-α coin-
cidences, with undetected 12C left in its first excited state (2+ at
4.44 MeV). Events seen for all detector combinations and all setups
are included.

Of course, the 8Be excitation energy spectrum can also
be produced for all events from Fig. 2, but since a large
portion of them are not coming from sequential decay via
8Be, the spectrum shows fewer peaks. Actually, the only peak
visible aside from the very strong 8Be ground state (note
the logartihmic scale on the y axis of Fig. 3) is a peak at
Ex ≈ 0.5 MeV; it does not correspond to an actual 8Be state,
but is rather a signature (see, e.g., [39,40]) of the fact that
two α particles are coming from a sequential decay of the
2.43 MeV state in 9Be (results for 9Be, 10B, and some other
nuclei will be discussed in a separate paper).

As seen in Fig. 3, the 8Be ground state can be easily
separated and corresponding events further analyzed. Choos-
ing the events from Fig. 2 corresponding to two α particles
coming from the 8Be ground state, one can reconstruct the
excitation energy spectrum of undetected 12C, corresponding
to the 10B(10B, 8Be) reaction.

This is shown in the inset of Fig. 4, while the main figure
shows the spectrum with subtracted background. 12C excited
to high-lying states predominately decays into the three α

particles, generating a total of five α particles in the exit
channel. Therefore there are different contributions to the
background of Fig. 4, but a simple polynomial (of the fourth
order) seems to fit it well.

After background subtraction, several strong peaks (states
in 12C) can be easily identified in Fig. 4: g.s., 2+ state at
4.44 MeV, 3− at 9.64 MeV, and 5− at 22.4 MeV (as proposed
in [3]). The population of the g.s. is suppressed due to the
large Q-value mismatch (Q = 19.25 MeV, Qopt ≈ −12 MeV).
A smaller but visible peak corresponds also to the known
12C state at 7.65 MeV (Hoyle state). One can also see the
unresolved overlapping group of states at Ex = 13–14 MeV,
as well as peaks at Ex = 16.1, 19.8, 24.3, 27.4, and 30.3 MeV.
The procedure can be repeated for the other 8Be states;
the population of more or less the same ones (with slightly
different relative intensities) can be seen in all the obtained
spectra, with the high energy part of the spectrum always
dominated by the states at 22.4 and 30.3 MeV.
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FIG. 4. The 12C excitation energy spectrum for the 2α coinci-
dences, obtained for events from Fig. 2, with an additional cut that
two detected α particles are coming from the 8Be ground state,
and with subtracted background (the inset shows the spectrum with
background).

Although very partial, angular distributions for the events
given in Fig. 4 are very forward peaked, suggesting that the
corresponding reaction mechanism is deuteron transfer; all
the populated states have therefore non-negligible 10B + d
strength. This point will be further discussed in the next
sections.

B. The 10B(10B, 3α) reaction

Due to the large solid angle and high segmentation of the
detector setup, α particles were detected (with large statistics)
not only in double, but also in triple coincidences. If they are
coming from the 10B + 10B reactions, than the undetected part
of the exit channel corresponds to the 8Be nucleus, which is
particle unstable, and decays exclusively [for Ex(8Be) up to
≈17.3 MeV] through the α + α channel. By detecting three α

particles in coincidence one can thus systematically probe the
10B +10 B → 5α reaction and its different sequential paths.
The first step of the procedure is to check if two of the α

particles are coming from the 8Be g.s. decay (with an energy
of only 92 keV this decay has a clear signature in the detectors
and is easily recognized and extracted). Once two such α

particles are found, one can reconstruct the energy and angle
of the 8Be g.s. before decay and combine it with the third α

particle, in search of possible 12C states that are produced in
the sequential decay to the 5α exit channel.

Figure 5 gives the Q spectrum for the 10B(10B, 3α) re-
action, with three α particles detected in different detector
combinations. All of the events in the figure proceed sequen-
tially via the 8Be ground state (the efficiency for detecting
other states with the present detector setup is much smaller),
so the first step in producing it is recognizing which two
of the three detected α particles are coming from this 8Be
decay. After that 8Be is treated as one particle, and a third
α particle is added [37] to produce the Q-value (or missing
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FIG. 5. The Q spectrum for the 10B(10B, 3α) reaction. Two of the
three detected α particles are coming from the 8Be(g.s.); see text for
the details. All three detector setups were used.

mass) spectrum. Different peaks in Fig. 5 correspond to the
excitations of the remaining (undetected) system, which is in
this case again 8Be (left in ground or different excited states).

In Fig. 5 obtained in that way, one can clearly see the pop-
ulation of the ground state of 8Be (peak marked with “Q0”),
the broad first excited state at Ex(8Be) = 3.03 MeV (Q1), the
even broader second excited state at 11.35 MeV (Q2), and
a narrow state at ≈19.9 MeV (Q3). These are, of course,
the same states seen through the 10B(10B, αα)12C reaction
discussed previously (Fig. 3); only the state at 16.9 MeV
in Fig. 3 is not that clearly seen in the present case. The
background events (including those having Q > 12 MeV) in
Fig. 5 correspond to the situation in which third detected α

particle (i.e., the one not combined in the 8Be g.s.) is not
coming from the 12C decay together with the reconstructed
8Be, but is produced by some other process. By choosing
one of the marked peaks in the Fig. 5, one can now probe
the 12C → 3α decay; the background for peaks Q2 and Q3 is
rather large, but Q0 and Q1 can be relatively easily extracted
(even better with help from an energy-momentum plot similar
to Fig. 2) and further discussed.

Choosing, e.g., the events from the Q1 peak (having
better statistics than the Q0 peak), one can thus study the
10B +10 B → 8Be + α +8 Be∗ reaction. The final three-body
exit channel can be reached through different two-body inter-
mediate steps, which has to be checked by plotting relative
energies (or the corresponding excitation energies) for all
three possible pairs (i.e., effectively Dalitz plots). An example
of such a plot is given in Fig. 6. The fact that horizontal lines
are not seen in the plot suggests that the population of the
16O intermediate states is weak or not present at all for this
exit channel. Weak diagonal lines present in the spectrum are
also due to the decay of the 12C, but the one in which the α

particle has to be combined with the other 8Be nucleus in the
exit channel.

Once that contribution from the 16O intermediate states
is dismissed, one can assume that most of the events are
coming from the 10B +10 B → 8Be + 12C reaction and plot
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FIG. 6. Dalitz plot showing the reconstructed excitation energy
of 16O plotted against that of 12C, for the events from the peak marked
with Q1 in Fig. 5.

the corresponding 12C excitation energy. Figure 7 gives the
12C excitation energy spectrum reconstructed from the triple
α-particle coincidences, with two of them being in the 8Be
ground state (and choosing two undetected α particles coming
from the 8Be first excited state, peak Q1 in Fig. 5). Figure 7 is
obtained by summing spectra for different detector combina-
tions; all individual ones are rather similar to each other, with
the most important difference between them coming from
different detection efficiency dependence on excitation energy
(which is the consequence of geometry issues).

The detection efficiencies for given setups were obtained
from a Monte Carlo (MC) code that simulated a two-body
10B + 10B reaction, assuming an isotropic c.m. distribution
of products, followed by sequential decay into fragments,
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FIG. 7. The 12C excitation energy spectrum for the 3α coinci-
dences, for events from the Q1 peak in Fig. 5. All three setups
are included together with all detector combinations, except the one
where two α particles are detected in detector 3. The (red) dotted line
shows the corresponding Monte Carlo efficiency curve.

assuming an isotropic c.m. distribution. The detection of the
fragments was simulated both with angular cuts to mimic the
solid angles covered by the telescopes and with energy cuts
to simulate the detection thresholds of the telescopes. The
efficiency curve (efficiency as a function of the excitation
energy) obtained with the Monte Carlo simulation is given in
Fig. 7 with a (red) dashed line; the absolute value of efficiency
is given for a single point of the curve, so that it can be inferred
for the rest of it.

The first peak in most efficiency curves (like the one in
Fig. 7) comes from events where both particles are detected
in the same telescope. The angle between the two particles
then increases with increasing relative energy such that one of
the particles misses the telescope in which the other particle
is detected. The detection efficiency falls until particles have
sufficient relative energy to hit two neighboring telescopes.

In most spectra for different combinations of detectors
and all setups one can see contributions from the states at
Ex = 7.65 and 9.64 MeV, so these are also clearly visible in
the combined figure for all three setups (Fig. 7). The recently
discovered state at Ex = 22.4 MeV [3] can also weakly be
seen for some detector combinations, as well as some other
states, but the dominant state at higher excitation (as clearly
seen in Fig. 7) in most of the spectra is the state at Ex =
24.4 MeV.

The composite spectrum given in Fig. 7 has an efficiency
curve that shows some oscillations, which is the consequence
of the fact that some particular combinations of detectors
can have a rather narrow efficiency curve, contributing to the
total one only in a small excitation energy range. To further
confirm that the peak at Ex = 24.4 MeV is not an artificial
one, produced by an increased detection efficiency in that
excitation energy region, we have produced all the individual
detector combinations. The detection efficiencies for those are
always smooth and it is easy to recognize if some structure in
the spectrum is only an experimental artifact. In a number of
detector combinations, the peak is seen always at the same
excitation energy (Ex = 24.4 MeV) and with the same width
(� = 0.50 MeV), so it is without any doubt a genuine state in
12C. The width of the peak corresponding to the 3− state at
Ex = 9.64 MeV in Fig. 7 is � = 0.14 MeV (its natural width
is much smaller, 48 keV [41]), so this value can be considered
as the experimental resolution in Fig. 7.

In Fig. 7 one can also see small peaks at 30.3 MeV (to be
discussed in the next subsection), and at 18.4 MeV; the latter
is not seen in the 2α coincidences (Fig. 4), but is reported in
the recent measurement of the same 12C excitation region by
inelastic scattering of 3He [30].

C. The 10B(10B, d10B) reaction

Apart from the α-α pairs, a number of other particle combi-
nations were measured in coincidence; a further combination
relevant for the discussion of the 12C nucleus is 10B + d .
Figure 8 gives the Q spectrum for the 10B(10B, d10B) reaction;
the obvious peak (marked as “Q0”) corresponds to the third
(undetected) particle (in this case 8Be) left in its ground state.
The events to the left of the peak correspond to either 8Be
or 10B (or both) populated to their excited states; no single

064318-5
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FIG. 8. The Q spectrum for the 10B(10B, d10B) reaction, with all
detector setups included, for particles detected in detectors 2 and 3.

peak could be resolved in this region. Gating on the Q0 peak,
one can obtain the excitation energies in different two-body
sub-systems (in this case 10B, 12C, and 18F).

The energy-momentum plots show that intermediate states
in 10B are indeed populated in this channel, e.g., the one that
is clearly seen is the 3+ state (T = 0) at Ex = 7.04 MeV (the
10,11B states populated in this experiment will be discussed in
detail in a followup paper). The contributions from the 10B
intermediate states were easily rejected from further analysis
because they corresponded to very narrow states. Sequential
decay via the 18F states were, on the other hand, not seen at all.

Figure 9 gives the 12C excitation energy spectrum recon-
structed from the d + 10B coincidences. The state at Ex =
30.3 MeV is clearly visible, as was already seen through
different reactions involving the 6Li or 10B nuclei (discussed
later). The detection efficiency curve has a strong maximum
at low energies (corresponding to two particles detected in the
same telescope), while in the region of the peak it does not
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FIG. 9. The 12C excitation energy spectrum for the d + 10B
coincidences, for Q state Q0, with all detector setups included. The
(red) dotted line shows the corresponding Monte Carlo simulation.

have a pronounced structure. No other peaks are significantly
populated in Fig. 9.

IV. DISCUSSION

A. The new state in 12C at Ex = 24.4 MeV

Between 23.5 and 25.5 MeV of excitation energy, the last
compilation for 12C [31] lists seven states. Having T = 1,
three of them were not populated in reactions studied here,
and two of them have listed widths significantly larger than
1 MeV; the remaining two are the states at Ex = 24.38 MeV
(Jπ = 2+, � = 670 keV) and state of unknown spin and parity
at Ex = 24.90 MeV (� = 920 keV). Both states are seen
as resonances in the 11B(p, n)11C excitation function, and
are not seen at all to decay with α-particle emission. That
fact, as well as rather different width, suggest that in Figs. 4
and 7 we do not see any of them, but rather a new state at
Ex = 24.4(2) MeV (with � ≈ 500 ± 40 keV), not yet listed in
the compilation [31]. The uncertainty of the excitation energy
and width of this state are estimated from the concurrence of
our results with tabulated energies of the 12C states at high
excitation energies.

Although the complicated procedure used to produce Fig. 7
makes it impossible to precisely extract spin, parity, and
partial decay widths of the new state, one can compare it
to the other states populated in the same way. Its behavior
in the obtained spectra seems to be the closest to the well
known 3− state at Ex = 9.64 MeV, shown to have a reduced
α width, which indicates a clear cluster structure [41]. The
cross section ratio for the two states in Fig. 4 is 6.6:1, while in
Fig. 7, after correcting for different detection efficiencies, it is
almost the same, 6.3:1. It should be noted that the detection
efficiency is calculated (with Monte Carlo simulation) by
assuming the isotropic decay of the populated 12C states (i.e.,
neglecting their spins), so the last ratio is only approximately
correct. Nevertheless, one can conclude that the 24.4 MeV
state has a significant overlap with the 10B + d and 8Be + α

configurations, as does the 9.64 MeV state. Both are also less
pronounced in the Fig. 4 (i.e., deuteron transfer to 10B) when
compared to the other states with the D3h symmetry: the 2+
state at 4.44 MeV, 4+ state at 14.08 MeV. and the recently
proposed 5− at 22.4 MeV.

On the other hand, when combined with the subsequent
8Be + α decay, the states at 9.64 and 24.4 MeV become
the strongest ones in the spectrum (Fig. 7), implying that
their α-particle decay widths are significantly larger than the
ones for the 14.08 and 22.4 MeV states (as is also seen for
the 9.64 MeV state in Ref. [41]). Of course, the influence
of the Coulomb and the centrifugal barriers is very different
for the states at 9.64 and 24.4 MeV, and the discussion above
must be regarded as only very schematic and qualitative.

All this may suggest that the state at 24.4 MeV has a
structure that is closer to the Hoyle state than to the compact
12C ground state. This is probably also a reason why this state
is not seen in the recent precise measurements in which the
12C states are populated with the inelastic scattering of 3He
or 4He [3,30]. Of course, the spin and parity assignments for
this new state are essential to find its place in the spectroscopy
systematics of 12C.
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B. The 12C state at Ex = 30.3 MeV

The state at Ex = 30.3(2) MeV (with � ≈ 540 ± 40 keV)
is clearly seen in Figs. 4 and 9; together with the 22.4 MeV
states, it dominates the spectrum for the 10B(10B, 8Be)12C
reaction (Fig. 4). In the spectrum showing the subsequent
deuteron decay (Fig. 9), it is the only clearly populated state
(the 22.4 MeV state is below the threshold for that decay).

The 30.3 MeV state has been seen in a number of previous
experiments [31] giving results for the 10B(d, α0)8Be [42],
12C(α, 4α) [43], and 6Li(6Li, α0)8Be [44] reactions. It is not
reported in the recent measurements of inelastic scattering of
α particles [3] or 3He [30] because those were insensitive to
such high excitation energies.

Although the state is dominating the spectra in Figs. 4
and 9, it is very weak (or not seen at all) in the spectra
showing the sequential decay into three α particles (Fig. 7);
that indicates that its structure involves degrees of freedom
beyond the 3α configuration. It should also be noted that
the width of the state turns out to be larger when extracted
from the 10B(10B, d10B) spectrum (� ≈ 830 keV) compared
to the 10B(10B, 8Be) one (� ≈ 540 keV); this is probably
consequence of the nontrivial subtraction of the background
for the first reaction, though one cannot exclude the possibility
that two overlapping levels are contributing to the peak in
Fig. 4.

Relatively small width (� ≈ 540 keV) at very high exci-
tation energy (30.3 MeV) indicates that it is a rather special
state, having structure that preserves it from being spread and
mixed with the continuum. The analysis of the distribution of
the events in the Dalitz diagram for the reaction 12C(α, 4α)
[43] suggests it has spin and parity Jπ = 2+. Furthermore,
the excitation energy of the state is rather close to several
thresholds: 6Li + 6Li (28.2 MeV), 6Li + α + d (29.7 MeV),
and α + α + d + d (30.4 MeV). All these suggest (in accor-
dance with Ikeda’s threshold rule) that it might have a rather
exotic 2α + 2d molecular structure, unlike any of the (known)
lower lying states.

C. Other 12C states

A number of other rarely seen or new states are also
present in our excitation spectra. In Fig. 4 one can thus see,
next to the well known states (g.s., 2+ at 4.44 MeV, 3− at
9.64 MeV, 2− at 11.83 MeV, and 4+ at 14.08 MeV), states
not listed in the compilation [31], at Ex = 16.05 (� ≈ 620
keV), 19.83 (� ≈ 450 keV), and 22.38 MeV (� ≈ 800 keV).
Those may correspond to the levels reported in the inelastic
scattering experiment [30] at Ex = 16.3 (� < 600 keV), 19.7
(� < 600 keV), and 22.2 MeV (� < 700 keV) respectively.
The last one is proposed to be the 5− member of the ground
state rotational band of an oblate equilateral triangular
spinning top with D3h symmetry, while the structure of others
has not been discussed yet.

The peaks at 16.11 and 20.5 MeV were previously also
clearly seen through the 10B(3He, pααα) reaction [26], but
treated there as the T = 1 states (in accordance with the
compilation [31]), which is inconsistent with their population
in the present measurement; of course, it is possible that the
two experiments are not seeing the same states.

It is also worth noting that there is a a broad structure
under several narrow peaks at Ex ≈ 14.0 MeV. Recent results
by Zimmerman et al. [27] found the 2+ excitation of the
Hoyle state with resonant parameters Ex = 10.13(6) MeV and
� = 2.1(3) MeV; if the state has a rotational character, the 4+
state should be around Ex ≈ 14 MeV and have rather large
width. A new state was recently found [28] at Ex = 13.3 MeV
and assigned Jπ = 4+.

Finally, there is also another strong peak in Fig. 4 at
Ex = 27.49 MeV, not reported yet in other measurements. It
is worth noting that the 6+ member of the g.s. rotational band
(with 2+ at 4.44 MeV and 4+ at 14.08 MeV) is expected to be
at Ex = 28–30 MeV, so this state is a valid candidate (since it
is as strongly populated in the Fig. 4 as the other members of
the band).

V. SUMMARY

The nuclei with A = 10–12 nucleons, even when they have
small isospin, host a number of interesting configurations,
e.g., the still puzzling Hoyle state and its excitations, or the
extremely deformed “nuclear molecules” in 10Be [39]. Such
configurations were searched for by studying the 10B + 10B
reactions: with its g.s. having Jπ = 3+, 10B is expected to
be a good projectile/target for population of high spin states
through various transfer reactions.

In this paper we report on the population of several new
and rarely seen states in 12C. By far the most abundant final
products in exit channels of reactions were α particles, so
we were able to study α-α and α-α-α coincidences and to
reconstruct the associated 12C spectra of intermediate states
involved in the process.

A new state is found at Ex = 24.4 MeV, showing prop-
erties that seem to indicate a rather pronounced α-cluster
structure. The rarely seen state at Ex = 30.3 MeV is found
to dominate the 10B(10B, d10B) spectrum, indicating that it
might have an exotic 2α + 2d molecular structure, different
from all the lower lying 12C states. Several other states are
observed, with limited information on their structure. Further
studies of high excitation energy region in 12C, with emphasis
on spin and parity assignments, are needed to complete our
understanding of this rich and intriguing quantum system.
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[36] D. Jelavić Malenica, Ph.D. thesis, University of Zagreb, 2015
(unpublished).

[37] E. Costanzo, M. Lattuada, S. Romano, D. Vinciguerra, and M.
Zadro, Nucl. Instrum. Methods Phys. Res. A 295, 373 (1990).

[38] Y. N. Pavlenko, V. M. Pugach, V. A. Kiva, V. I. Medvedev, Y. O.
Vasiliev, V. N. Dobrikov, and I. N. Kolomiets, Izv. Akad. Nauk
Ser. Fiz. 57, 140 (1993) [Bull. Rus. Acad. Sci. Phys. 57, 1788
(1993)].

[39] M. Milin, M. Zadro, S. Cherubini, T. Davinson, A. Di Pietro,
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[44] D. Miljanić, E. Kossionides, G. Vourvopoulos, and P.
Assimakopoulos, Z. Phys. A 312, 267 (1983).

064318-8

https://doi.org/10.1006/aphy.2002.6255
https://doi.org/10.1006/aphy.2002.6255
https://doi.org/10.1006/aphy.2002.6255
https://doi.org/10.1006/aphy.2002.6255
https://doi.org/10.1016/0375-9474(81)90182-2
https://doi.org/10.1016/0375-9474(81)90182-2
https://doi.org/10.1016/0375-9474(81)90182-2
https://doi.org/10.1016/0375-9474(81)90182-2
https://doi.org/10.1143/PTPS.68.29
https://doi.org/10.1143/PTPS.68.29
https://doi.org/10.1143/PTPS.68.29
https://doi.org/10.1143/PTPS.68.29
https://doi.org/10.1143/PTP.51.1266
https://doi.org/10.1143/PTP.51.1266
https://doi.org/10.1143/PTP.51.1266
https://doi.org/10.1143/PTP.51.1266
https://doi.org/10.1143/PTP.53.447
https://doi.org/10.1143/PTP.53.447
https://doi.org/10.1143/PTP.53.447
https://doi.org/10.1143/PTP.53.447
https://doi.org/10.1143/PTP.57.1262
https://doi.org/10.1143/PTP.57.1262
https://doi.org/10.1143/PTP.57.1262
https://doi.org/10.1143/PTP.57.1262
https://doi.org/10.1143/PTP.59.1031
https://doi.org/10.1143/PTP.59.1031
https://doi.org/10.1143/PTP.59.1031
https://doi.org/10.1143/PTP.59.1031
https://doi.org/10.1143/PTP.62.1621
https://doi.org/10.1143/PTP.62.1621
https://doi.org/10.1143/PTP.62.1621
https://doi.org/10.1143/PTP.62.1621
https://doi.org/10.1143/PTP.117.655
https://doi.org/10.1143/PTP.117.655
https://doi.org/10.1143/PTP.117.655
https://doi.org/10.1143/PTP.117.655
https://doi.org/10.1103/PhysRevLett.98.032501
https://doi.org/10.1103/PhysRevLett.98.032501
https://doi.org/10.1103/PhysRevLett.98.032501
https://doi.org/10.1103/PhysRevLett.98.032501
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1103/PhysRevC.67.051306
https://doi.org/10.1103/PhysRevC.67.051306
https://doi.org/10.1103/PhysRevC.67.051306
https://doi.org/10.1103/PhysRevC.67.051306
https://doi.org/10.1103/RevModPhys.89.011002
https://doi.org/10.1103/RevModPhys.89.011002
https://doi.org/10.1103/RevModPhys.89.011002
https://doi.org/10.1103/RevModPhys.89.011002
https://doi.org/10.1103/PhysRevLett.107.072501
https://doi.org/10.1103/PhysRevLett.107.072501
https://doi.org/10.1103/PhysRevLett.107.072501
https://doi.org/10.1103/PhysRevLett.107.072501
https://doi.org/10.1016/j.physletb.2013.10.048
https://doi.org/10.1016/j.physletb.2013.10.048
https://doi.org/10.1016/j.physletb.2013.10.048
https://doi.org/10.1016/j.physletb.2013.10.048
https://doi.org/10.1103/PhysRevLett.106.192501
https://doi.org/10.1103/PhysRevLett.106.192501
https://doi.org/10.1103/PhysRevLett.106.192501
https://doi.org/10.1103/PhysRevLett.106.192501
https://doi.org/10.1103/PhysRevLett.109.252501
https://doi.org/10.1103/PhysRevLett.109.252501
https://doi.org/10.1103/PhysRevLett.109.252501
https://doi.org/10.1103/PhysRevLett.109.252501
https://doi.org/10.1103/PhysRevLett.84.5728
https://doi.org/10.1103/PhysRevLett.84.5728
https://doi.org/10.1103/PhysRevLett.84.5728
https://doi.org/10.1103/PhysRevLett.84.5728
https://doi.org/10.1103/RevModPhys.90.035004
https://doi.org/10.1103/RevModPhys.90.035004
https://doi.org/10.1103/RevModPhys.90.035004
https://doi.org/10.1103/RevModPhys.90.035004
https://doi.org/10.1103/PhysRevC.81.064313
https://doi.org/10.1103/PhysRevC.81.064313
https://doi.org/10.1103/PhysRevC.81.064313
https://doi.org/10.1103/PhysRevC.81.064313
https://doi.org/10.1103/PhysRevC.84.027304
https://doi.org/10.1103/PhysRevC.84.027304
https://doi.org/10.1103/PhysRevC.84.027304
https://doi.org/10.1103/PhysRevC.84.027304
https://doi.org/10.1103/PhysRevC.86.064306
https://doi.org/10.1103/PhysRevC.86.064306
https://doi.org/10.1103/PhysRevC.86.064306
https://doi.org/10.1103/PhysRevC.86.064306
https://doi.org/10.1103/PhysRevLett.110.152502
https://doi.org/10.1103/PhysRevLett.110.152502
https://doi.org/10.1103/PhysRevLett.110.152502
https://doi.org/10.1103/PhysRevLett.110.152502
https://doi.org/10.1103/PhysRevC.83.034314
https://doi.org/10.1103/PhysRevC.83.034314
https://doi.org/10.1103/PhysRevC.83.034314
https://doi.org/10.1103/PhysRevC.83.034314
https://doi.org/10.1103/PhysRevLett.113.232503
https://doi.org/10.1103/PhysRevLett.113.232503
https://doi.org/10.1103/PhysRevLett.113.232503
https://doi.org/10.1103/PhysRevLett.113.232503
https://doi.org/10.1103/PhysRevC.90.014319
https://doi.org/10.1103/PhysRevC.90.014319
https://doi.org/10.1103/PhysRevC.90.014319
https://doi.org/10.1103/PhysRevC.90.014319
https://doi.org/10.1016/j.nuclphysa.2017.07.015
https://doi.org/10.1016/j.nuclphysa.2017.07.015
https://doi.org/10.1016/j.nuclphysa.2017.07.015
https://doi.org/10.1016/j.nuclphysa.2017.07.015
https://doi.org/10.1016/j.nima.2004.01.082
https://doi.org/10.1016/j.nima.2004.01.082
https://doi.org/10.1016/j.nima.2004.01.082
https://doi.org/10.1016/j.nima.2004.01.082
https://doi.org/10.1016/j.nima.2013.02.027
https://doi.org/10.1016/j.nima.2013.02.027
https://doi.org/10.1016/j.nima.2013.02.027
https://doi.org/10.1016/j.nima.2013.02.027
https://doi.org/10.1016/j.nima.2014.08.009
https://doi.org/10.1016/j.nima.2014.08.009
https://doi.org/10.1016/j.nima.2014.08.009
https://doi.org/10.1016/j.nima.2014.08.009
https://doi.org/10.1140/epja/i2015-15093-0
https://doi.org/10.1140/epja/i2015-15093-0
https://doi.org/10.1140/epja/i2015-15093-0
https://doi.org/10.1140/epja/i2015-15093-0
https://doi.org/10.1016/0168-9002(90)90715-I
https://doi.org/10.1016/0168-9002(90)90715-I
https://doi.org/10.1016/0168-9002(90)90715-I
https://doi.org/10.1016/0168-9002(90)90715-I
https://doi.org/10.1016/j.nuclphysa.2005.02.154
https://doi.org/10.1016/j.nuclphysa.2005.02.154
https://doi.org/10.1016/j.nuclphysa.2005.02.154
https://doi.org/10.1016/j.nuclphysa.2005.02.154
https://doi.org/10.1103/PhysRevC.75.045803
https://doi.org/10.1103/PhysRevC.75.045803
https://doi.org/10.1103/PhysRevC.75.045803
https://doi.org/10.1103/PhysRevC.75.045803
https://doi.org/10.1103/PhysRevC.87.057307
https://doi.org/10.1103/PhysRevC.87.057307
https://doi.org/10.1103/PhysRevC.87.057307
https://doi.org/10.1103/PhysRevC.87.057307
https://doi.org/10.1016/0375-9474(78)90273-7
https://doi.org/10.1016/0375-9474(78)90273-7
https://doi.org/10.1016/0375-9474(78)90273-7
https://doi.org/10.1016/0375-9474(78)90273-7
https://doi.org/10.1016/0375-9474(73)90064-X
https://doi.org/10.1016/0375-9474(73)90064-X
https://doi.org/10.1016/0375-9474(73)90064-X
https://doi.org/10.1016/0375-9474(73)90064-X
https://doi.org/10.1007/BF01412174
https://doi.org/10.1007/BF01412174
https://doi.org/10.1007/BF01412174
https://doi.org/10.1007/BF01412174

