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The structure of light nuclei is a particularly active area of research
due to their small number of nucleons and yet a large variety of nuclear
structure phenomena. In this contribution, preliminary results on °Li and
10Be states, some of which indicate their pronounced clustered structure,
are discussed.
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1. Introduction

The structure of light nuclei has played a crucial role in understanding
the behavior of the nuclear force in few-body systems and the fundamental
principles of nucleosynthesis in stars. Due to the small number of nucleons
and the wide variety of phenomena they exhibit, light nuclei continue to be
an active area of both theoretical and experimental research.

Among many phenomena observed in light nuclei, clustering has been a
subject of interest since the earliest days of nuclear physics and the discovery
of radioactivity. Clustering is the tendency of nucleons to group themselves
into smaller, more strongly bound substructures, known as clusters. It is
most pronounced in a-conjugate nuclei, since the « particle is extremely well
bound, compact, and is a boson, making the formation of such a-clustered
configurations energetically more favorable around the a-decay threshold.
The well-known examples are the nucleus of 8Be and the Hoyle state in 2C.

Even from the earliest times, adding and removing nucleons from an
a-conjugate nucleus has been of interest to many nuclear structure stud-
ies [1]. In neutron-rich nuclei, a phenomenon named “nuclear molecules” has
been the topic of many theoretical and experimental studies throughout the
years. In such nuclei, extra neutrons fill up molecular orbitals between the
clusters, similar to those in atomic molecules, hence the term.

The description of cluster structures has been tackled with a wide variety
of theoretical approaches, including empirical cluster models, phenomeno-
logical, and ab initio models [2—4]. The mentioned comprehensive reviews
summarize recent developments in understanding the structures in light nu-
clei and highlight the importance of the clustering phenomena and their
impact on nuclear structure, reaction dynamics, and nuclear astrophysics.
They also emphasize the coexistence of cluster and shell-model features in
neutron-rich isotopes and discuss the challenges in fully understanding the
underlying mechanisms.

The pivotal examples of nuclear molecules are the nuclei of “Be and °Be.
When an extra neutron is added to the unbound nucleus of 8Be, it becomes
stable and exhibits a perfect example of the nuclear molecule [5]. Recently,
10Be has been probed and proven to exhibit molecular structure even in
the ground state, in nice agreement with Tohsaki-Horiuchi-Schuck—Ropke
(THSR) and Antisymmetrized Molecular Dynamics (AMD) calculations [6].
That is in alignment with recent theoretical ab initio results from Nuclear
Lattice Effective Field Theory [7]|, where by identifying clusters and valence
neutrons, nuclear molecular orbitals emerge naturally in the p-shell beryl-
lium isotopes.

Unlike '°Be, the ?Li structure has not yet been extensively studied. In-
terestingly enough, ?Li has the smallest charge radius [8] in the chain of
Li isotopes, indicating that it is the least deformed. In later research |9],
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spectroscopic factors of the ground and first few excited states in ?Li have
been reported. Spectroscopic factors of the ground state indicate that it is,
to a large extent, constructed as ®Litn, making it a compact core for the
halo nucleus ''Li. Still, an open question remains, whether the ¢+« cluster
structure is preserved [10-12]. Recently, it was reported that the ?Li cluster
structure emerges at higher excitation energies, around 2 MeV above the
6He+¢ decay threshold [13].

In 2023 and 2024, an experiment with the aim of studying exotic struc-
tures in carbon isotopes was conducted. The experiment used a neutron-rich
9Li rare isotope beam on a natural boron target. In the aforementioned col-
lisions, many neutron-rich nuclei are produced, and here some preliminary
results on “Be as well as on ?Li states will be presented.

2. Experimental setup

The experiment exploited a ?Li beam at 8.31 MeV /u with a natural boron
target (1000 pg/cm?) on aluminum backing (900 pg/cm?). It is important
to mention that the natural boron target consists of approximately 80% ''B
and 20% '°B. The experiment was conducted at the TUDA chamber of the
ISAC-II facility at TRIUMF, Canada [14].

As an experimental setup, 6 silicon detector telescopes were used (50 pm
or 20 pm+1000 pm Micron Semiconductor Silicon Strip Detectors), 4 of
which were at more forward angles, and 2 at more backward angles. Details
of the experimental setup, calibration, and identification algorithm can be
found in [15].

3. Results
3.1. Particle identification plot

Detector telescopes were used to have proper particle identification. Name-
ly, the particle deposits some of its energy when passing through the first
stage of detection (AFE detector), and, finally, the remaining energy is de-
posited in the second stage of detection, where the particle stops. The
relations between those energies depend on the particles’ Z, A, and kinetic
energy according to the Bethe—Bloch formula. It gives us an identification
plot as seen on the left-hand side of Fig. 1. In the figure, only data from one
strip of one of the forward detectors, covering a relatively narrow 6 angle
range, is shown.

On the identification plot, distinct groups of events corresponding to
the detected elements (H, He, Li, Be, and B, from bottom to top) can be
clearly observed. Within each group, less separated loci of events indicate
the different isotopes, since the energy deposition depends more strongly on
the nuclear charge than on the nuclear mass.
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Fig. 1. (Color online) Identification plot for one strip of forward detector telescope
with marked sets of events corresponding to different scattering processes (left)
— elastic scattering of °Li on Al (red, the most right pile of events), °Li on !B
(yellow, the second most right pile), and inelastic scattering of °Li on !B (cyan,
green, and magenta). The detecting angle () of Li versus the excitation energies
reconstructed in the whole detector telescope, assuming that °Li was scattered off
1B (right).

In the experiment, the °Li beam was scattered off the B target with an
Al backing. Elastic and inelastic events are marked in Fig. 1. In the AE-F
histogram, data from a small range of 6 angles is presented and marked
groups of events are separated. Due to the kinematics of scattering, outgoing
9Li has different kinetic energy depending on what was the scattering target
and whether the scattering was elastic or inelastic.

For all events with detected ?Li, its excitation energy after the scattering
was calculated assuming scattering off an ''B target using the missing mass
method. On the right panel of Fig. 1, the scattering angle of Li in the
laboratory frame of reference is plotted versus the reconstructed excitation
energy. From the collected data, it is not possible to identify which nuclei in
the exit channel are in the excited states, target-like, projectile-like or both
at the same time.

The loci of events that form a straight line are events in which °Li was
scattered off 1B, since the correct scattering target is assumed, while the
loci of events when scattering happened on Al are curved, as seen in the left
part of the plot. From the plots in Fig. 1, it can be easily understood which
marked group of events corresponds to which marked excitation event. Since
the AE—FE plot shows events only from one strip and the right plot shows
events from the whole detector telescope, only events in that angular area
of the chosen strip are marked.
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3.2. 2Li inclusive excitation energy spectrum

In the inclusive excitation energy spectrum of detected ?Li events (Fig. 2,
left), 5 peaks are visible. The leftmost peak originates from the events of ?Li
nuclei elastically scattered off Al. Typically, this peak is broad and poorly
defined. However, its current Gaussian-like shape is a consequence of the
9Li elastic scattering cross section. As seen in Fig. 1 right, most of the
detected events are at more forward laboratory-frame angles. Furthermore,
the detected energy slowly changes with the angle of detection, resulting in
a Gaussian-like projected curve with an asymmetrical tail on the left.
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Fig.2. (Color online) Inclusive excitation energy spectrum for events when ?Li is
detected, experimental data (left) and Monte-Carlo simulated data of °Li scattering
off 11B target data (right). Simulated are events of elastic scattering and the first
excited state of ?Li (blue, around 0 MeV and 2.7 MeV), excited states of 1B (red,
around 2.1 MeV, 4.4 MeV, 5 MeV, 6.7 MeV), and events when simultaneously °Li
and !B are in the excited states (green). Black is the summed curve of all the
mentioned contributions.

The most populated peak is due to the elastic scattering of ?Li off ''B.
The peak width comes mostly from the uncertainty of the energy deposited
in the target (atarget ~ 200 keV), intrinsic detector resolution (=~ 1 %), and
position/angular resolution (= 1°). Those effects were taken into account
when YLi scattering off !B target was simulated (Fig. 2, right), using the
UNISim-tool [16] framework. The Monte-Carlo simulations included elastic
scattering off 1B, inelastic scattering to the first excited state of ?Li (blue),
inelastic scattering to the first four excited states in ''B (red), as well as
inelastic scattering with simultaneous excitations of ?Li and 'B (green).
Only the contribution of the first excited state in °Li is simulated, since
other excited states are not particle stable and cannot contribute to this
inclusive spectrum. Simulated spectra are not scaled, but they still nicely
illustrate the contributions to the remaining peaks in the inclusive spectrum.
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The peak around 2 MeV has two possible contributions, the first excited
state of 1B and the first excited state of “Li. The next peak, around 5 MeV,
comes from two possible excitations of ''B, or when both Li and ''B are
in the first excited state. Similar is for the rest of the peaks. Scattering off
108 produces smeared background in the spectrum.

3.3. 0 Be inclusive excitation energy spectrum

Similarly, when '°Be is detected, an inclusive excitation energy spectrum
is made using the missing mass method, as shown in Fig. 3. That spectrum
represents all possible excited states in the assumed reaction
UB(°Li,' Be)!"Be. On the spectrum, a barely visible ground-state peak
can be spotted, at higher energies, a peak between 3 MeV and 4 MeV is seen
due to the first excited state of 1°Be. The next peak contains four possible
excited states of 19Be around 6 MeV and also states around 7 MeV, together
with the sum of the first excited states in both 1°Be nuclei. The peak around
10 MeV originates from the 1°Be state around 9.6 MeV together with 10.6
MeV state of '°Be producing the asymmetry at the right side of the peak,
as well as the sum of the first excited state in one '°Be nucleus and some of
the states around 6 MeV in the second “Be nucleus.

220
200
180
160
140
120
100
80
60
40
20

0—5 0 5 10 15

Counts / 100 keV

\\‘H\‘H\‘\H‘\H‘H\‘H\‘IH‘\H‘\H‘\H‘

20
E, [MeV]

Fig. 3. Inclusive excitation energy spectrum for events of detected '°Be.

3.4. The '°Be states with cluster structure

As mentioned in Section 2, the target was composed of natural boron,
meaning it contains both 1B (=~ 20 %) and 'B. To separate the events
of the reactions happening on two different target constituents, a useful
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tool in the analysis of the coincidence data from the kinematically complete
measurements is the Catania plot [17]. In that plot, the events originating
from different reactions are assembled around the lines with —() value as
the y-intercept and A~! of the undetected nucleus as the slope. On the left
panel of Fig. 4, is presented the He +*He coincidence with the lines corre-
sponding to the reactions '/ B(Li,% He*He)?/1°Be. The events originating
from the reaction of the 1B with the ?Be in the ground state and the ex-
cited state (magenta lines) are separated from the events corresponding to
the °Be states (green lines). By selecting only the events corresponding
to the °Be states, the background contributions from the reactions on the
108 are excluded from further data analysis. Applying the invariant mass
technique on the selected 8He+“He coincidence events, the 1°Be excitation
energy spectrum presented on the right of Fig. 4 was constructed.
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Fig.4. (Color online) The Catania plot for ®He+*He coincidence events (left);
green (upper) lines indicate the °Be states, magenta (lower) lines the ?Be states;
10Be excitation energy spectrum for the ®He-+*He coincidence events (right).

The most populated state in the spectrum is the one around 9.6 MeV,
which has been observed to decay via both °Be+n and ®He+*He chan-
nels [18]. That implies the state has a complex structure, featuring both
single-particle and cluster configurations. Its strong population in the ex-
periment is in agreement with the available results on the °Be spectroscopy.

The next populated state is around 10.2 MeV, located on the high-energy
side of the strong 9.6 MeV peak, and with smaller statistics. Existing ex-
perimental results confirm its pronounced cluster structure and fit with its
proposed molecular structure [2].

There are indications for the peak around 10.9 MeV which would corre-
spond to the state at 10.6 MeV, known to decay into “Be+n and *He +* He.
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Another indication for the peak is around 11.6 MeV, most likely corre-
sponding to the state at 11.8 MeV, but contribution from 11.2 MeV state
cannot be excluded. Both states decay via a.

4. Conclusion

An experiment using a radioactive Li beam on a natural boron target
(with Al backing) was performed and previously reported states in neutron-
rich nuclei have been observed. Some of the preliminary results of the limited
data set have been presented here. The thick target increased production
yield but limited the energy resolution, requiring detailed Monte-Carlo sim-
ulations for interpretation. These preliminary findings on a limited data set
encourage the expectation that analyzing the complete data set will yield
new insights into the nuclear structure of °Li and °Be.

This work was supported in part by the HrZZ project No. IP-2018-01-
1257, NextGenerationEU: MZ3-25, 01-986/1-2025 project, and by the U.S.
DoE, Office of Nuclear Physics, award No. DE-AC02-06CH11357.
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