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Abstract. In this contribution, a preliminary analysis of the first part of the experiment S2012 conducted at
the ISAC-II facility of Canada’s particle accelerator center TRIUMF in Vancouver will be presented. The
experiment aims to study highly clustered structures of nuclei created in multi-nucleon transfer reactions of °Li
radioactive beam on natural boron target (!'B and °B). The main objective of the experiment is to study exotic
structures created in neutron-rich '°C nucleus in the range of higher excitation energies. The analysis presented
here probes the existence of exotic cluster configurations and the quality of detected results using the invariant

mass techniques.

1 Introduction

Clustering, or the emergence of substructures as an ener-
getically more favorable nucleon arrangement, is an im-
portant phenomenon appearing in nuclei as a consequence
of the complex nucleon-nucleon interactions [1-3]. The
most common substructure is alpha particle, which makes
clustering most pronounced in self-conjugated (N = Z)
nuclei [4]. Different substructures, such as the triton [5],
can also be observed apart from alpha particles. Clustering
has also been observed in neutron-rich isotopes, making
them one of the most attractive areas in studying light nu-
clei structure. In the case of neutron-rich nuclei, additional
neutrons strongly affect both nuclear structure and its fea-
tures. It is expected that additional neutrons are shared
between "clustering centers" (i.e. alpha particle), similar
to the behavior of a covalent electron inside of an atomic
molecule [6]. Such nuclear structure is called a nuclear
molecule. The influence of valence neutrons on unstable
nuclei is observed already in a system with one extra neu-
tron, for instance in the 9Be nucleus. Namely, in the case

*Corresponding author: Margareta.Sigmund @irb.hr
**Present address: Department of Physics & Astronomy, Ohio Univer-
sity, Athens, OH USA
***Present address: Faculty of Science, University of Split, Split, Croa-
tia

of ?Be, the unstable *Be nucleus becomes stable by acquir-
ing an extra neutron.

The simplest nuclear molecules, still extensively stud-
ied, are two- and three-center ones, i.e. beryllium [7-9]
and carbon [10-12] isotopes. One of the most interesting
neutron-rich nuclei is 'C. According to different theoret-
ical calculations [13—15], extremely exotic structures such
as linear chains are proposed to exist at higher excitation
energies. Up until now, there have not been many exper-
iments that managed to study higher excited states. So
far, only the experiment performed at the Radioactive Ion
Beam Line at the Heavy Ion Research Facility in Lanzhou
(HIRFL-RIBLL), which used an inelastic scattering of '°C
beam on (CDy), target [16, 17], has been able to excite and
measure exotic states.

The objective of the S2012 experiment performed at
the ISAC-II facility [18] at TRIUMF Canada’s Particle
Accelerator Center was to study the '°C exotic structure.
For this purpose, a neutron-rich Li radioactive beam on a
!B target was used to induce multi-nucleon transfer reac-
tions producing '°C. The reaction studied in this work is
highly selective in the production of excited states of sev-
eral nuclear systems, such as 10Be, 16C, etc., due to pos-
sible multi-nucleon transfer mechanisms triggered by the
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intrinsic cluster structures of projectile and target. Even
though the structure of Li has yet to be thoroughly inves-
tigated, there are some indications of its clustered structure
[19, 20]. On the other hand, it is already known that g
in its excited states decays via @ and triton [21], which
strongly points to the clustering in its structure. Further-
more, the production reaction °Li(''B, @)'°C*, has high
Q-value: Q = 17.5037 MeV.

A preliminary analysis of the data will be discussed
in this contribution. The aim is to prove the reconstruc-
tion capability of the reaction products and their initial
state from emitted fragments detected in coincidence. The
manuscript also discusses details of the calibration of the
detection setup, which consisted of an array of silicon strip
detectors, alongside preliminary results obtained using in-
variant mass techniques. The quality of the results con-
firms that the experiment successfully studies neutron-rich
nuclei structures.

2 The Experiment
2.1 Beam and Targets

To populate states with highly pronounced clustered or nu-
clear molecular structure, a radioactive °Li beam (E =
8.31 MeV/u, intensity up to ~ 107 pps) with very high
beam energy resolution (~ 0.5%) was used on a few dif-
ferent sets of natural boron targets. From the different
available beams around the world, the reaction '"B(°Li,
@)'®C* has the highest Q value (17.5037 MeV) to populate
16C*, which increases the probability that channels of in-
terest would be opened (higher total available energy and
higher cross-section). Since the thick boron targets pro-
duction is not straightforward and a large thickness (for
a higher reaction rate) was needed, multiple targets with
different backing and specifications were prepared for the
experiment. Stacks of !'B targets manufactured by the
Target Fabrication Facility of the Argonne National Lab-
oratory and by the target laboratory of National Institute
for Nuclear Physics - National Laboratories of Legnaro
(INFN - LNL) were used. To produce the targets, natu-
ral B (1000 ,ug/crnz) was evaporated on Ta (1600 ,ug/crnz)
or Al (900 pg/cm?) backings. Thinner versions of the tar-
gets were also produced, evaporating about 250 ug/cm?
of B on a thin Al backing ~ 40 ug/cm?. Since the thinner
targets are more uniform and have a higher B vs. Al ra-
tio, two stacks of 4 combined targets were used; to have
a boron target as thick as possible on a backing as thin
as possible. Apart from those, multiple targets of natural
boron (900 ,ug/cmz) on Al, from the target laboratory of
Horia Hulubei National Institute of Physics and Nuclear
Engineering (IFIN - HH) from Mégurele, Romania, were
delivered.

2.2 Experimental Setup

The experiment was conducted in a 1.5-m-long cylindri-
cal (along the beam axis) TUDA (TRIUMF UK Detector
Array) chamber. The huge advantage of a such-shaped
chamber is that detectors can be positioned symmetrically

(a) Photo of an experimental setup placed around the beam axis

A

i

(b) Schematic of experimental setup; red line - x-axis, green line -
y-axis, blue line - z-axis (beam axis)

Figure 1: Experimental setup: (a) as mounted inside the
chamber and (b) schematic.

around the beam-axis and cover a large azimuthal (¢) an-
gular range for the same polar (9) angles. In this ex-
periment, six telescope detectors were used. Four were
at the smaller 6 angles (more forward angles) and two
were at the larger 6 angles. Each telescope detector con-
sisted of a thick Micron Semiconductor double-sided sil-
icon strip detector (DSSSD, 1000 um of thickness) and a
thin Micron Semiconductor single-sided silicon strip de-
tector (SSSSD). Two telescope detectors at the more for-
ward 6 angle, up and down with respect to the beam axis,
had 20 um thick SSSSD detectors while the rest of the
telescopes had 50 um thick SSSSDs as the first stage of
the detection. A photo of the setup and schematic view
can be seen in Fig. 1, while the angular coverage of six
telescopes can be seen in Fig. 2.

Since the reactions of interest are based on the pick-
up of & + >H or stripping of 7 + n + n reactions, we have
alpha-like recoil particles going to larger 6 angles or resid-
ual alpha-like particles going to forward angles, respec-
tively. Since the main focus of the experiment was the
study of the decay channels of '°C* into a +!’Be, *He
+19Be or ®He + ®Be, discrimination between helium and
beryllium isotopes was crucial to distinguish different 'C
decay channels.
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Figure 2: Angular coverage of each telescope detector in
6 and ¢ angles.

2.3 Calibration

The second stage of the detection system (i.e. DSSSD de-
tectors) is calibrated first with a combined alpha source
18Gd + 2°°Th + 2**Cm. The most pronounced alpha ener-
gies are at £y = 3182.690(24) keV, which corresponds to
the alpha decay of **Gd into '**Sm [22]; E, = 4687.0(15)
keV for the alpha decay of *°Th into 2*Ra (absolute
intensity = 76.3(3)%) [23] and E3 = 5804.77(5) keV
for 2**Cm alpha decay into 2*°Pu (absolute intensity~
76.9(1)%) [24]. Once calibrated with alpha particles, each
pixel (i.e. combination of front and back strip in DSSSD
detector) was calibrated with elastic scattering of the sta-
ble '2C beam with an energy of 5 MeV/u off the ''B
(1000 pg/cm?) on Ta (1600 ug/cm?) target. Even though
both elastic scattering off ''B and Ta were visible, the one
from Ta was more pronounced and used for the calibration.

That completed the calibration of the second stage
of detector telescopes (DSSSDs) and enabled us to start
the calibration of the first stage of the detection system
(SSSSDs). A 50 um silicon detector is thick enough to
stop alpha particles of all three most pronounced alpha-
source energies, while the highest energy alpha-particle
punches through the 20 yum SSSSDs. Therefore, 50 ym
thick detectors were calibrated in the same manner as the
alpha calibration of DSSSDs. Due to the varying thick-
ness of each strip in 20 um SSSSD, each event of alpha-
particle that punched through was used as a calibration
point, which allowed us to have alpha events in the range
from 2600 keV up to 4000 keV. For each of those points,
we had to reconstruct the corresponding energy left in the
first stage from the energy left in the second stage of de-
tection system, taking into account energy loss in "dead
layers" (0.5 um aluminum on each side of the detector).
There were between 2000 and 3000 such events per strip.

2.4 Particle Identification

As mentioned above, it was crucial to have telescope de-
tectors for particle identification. According to the Bethe-
Bloch energy loss formula, once a particle goes through

(or stops in) the detector, it deposits different amounts of
energy according to the thickness of the detector and the
kinetic energy, charge, and mass of the detected particle.
When energy deposited in a SSSSD (dE on the histogram,
see Fig. 3) is plotted versus the energy deposited in a
DSSSD (E on the histogram), nicely separated data loci
are created. It is easy to recognize which loci corresponds
to °Li since it has a highly abundant pile of events around
dE ~ 6.7 MeV and E ~ 45 MeV, which is populated with
elastic scattering events. At the lowest dE energies, it is
easy to distinguish 'H, 2H and 3H. Above those, the most
pronounced band is the one from “He, since many differ-
ent reaction channels produce alpha-particles. Apart from
the already mentioned particles, 63-e, 67891, 19Be and
10.I1B are present on dE-E spectra, too. In 2001 Tassan-
Got proposed [25] a new functional form for charge and
mass identification that allows safe interpolation in regions
with low statistics for linear response detectors, such as
silicon ones. The corresponding identification loci were
linearised using the extended version of the functional
(for mass and charge identification), called LeNeindre en-
hanced functional [26] ((14 parameters), developed by the
Chimera group), and suitably adapting the free parameters
via standard error minimization technique. The procedure
was done using DEEFIT - a program developed to sim-
plify fitting and checking a fit’s quality. An example of the
function fit to data can be seen in Fig. 3b (for the sake of
clarity, only one isotope of each element is fitted).

3 Preliminary results
3.1 Invariant mass method

In this experiment, only charged particles were detected.
Therefore, excited states of nuclei created in the °Li and
!B reactions were detectable through its decay or using
the missing mass method. Here, the invariant mass method
spectra of fragments detected in coincidence will be pre-
sented. It is important to mention that the time window for
data acquisition was 10-us-long, which sometimes causes
overlap of different physical events in the same data acqui-
sition period.

Invariant mass spectra were produced to prove the ca-
pability of correctly reconstructing fragments in coinci-
dence and probing the initial state from which the frag-
ments are emitted. The aim is to check if highly clustered
states with well-known and previously measured energies
were observed, and if any possible indications of interest-
ing and rarely measured states exist. That gives us confir-
mation that clustered states are populated and the ability to
check the energy resolution of produced coincidence spec-
tra.

The excitation energy of a mother nucleus, assumed to
decay into a group of detected fragments, can be calculated
as:

E* = Ei — Eg.x.: (D

where E;,, is the invariant mass of the detected frag-
ments and E, is the ground-state mass of the decaying
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(a) An example of dE-E histogram for events in one telescope. On
the figure, listed from below upwards, nicely separated data loci

correspond to isotopes *°H, **68He, ¢789Li, *1°Be and *!'B
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(b) An example of the fitted enhanced (14 parameters) LeNeindre

function; for clarity, only one isotope per element is fitted.

Figure 3: dE-E histogram: (a) an example for one tele-
scope data and (b) an example with fitted functional.

nucleus. Since a more detailed analysis is necessary to dis-
tinguish higher excited states from the background, only a
few excited states above the desired decay threshold can
be observed here.

3.2 « - « coincidences

As a first check of excited states reconstruction using the
invariant mass method, the spectrum of two alpha particles
detected in coincidence was used; shown in Fig. 4. There
are a few key points worth mentioning. The first feature
is a well-pronounced peak with high statistics at 0 MeV,
corresponding to the ground state of *Be. Right next to it,
at the energy of around 0.5 MeV, a peak that doesn’t corre-

o - 0. coincidences

# COUNTS

IR,
E [MeV]

Figure 4: Invariant mass spectrum for two alpha particles
detected in coincidence. The energy corresponds to the
excitation energy of the assumed mother nucleus before
decay.
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Figure 5: Invariant mass spectrum for o and ®He detected
in coincidence. Arrows show two peaks at the energies of
around 9.5 MeV and 10.18 MeV. The energy corresponds
to the excitation energy of the assumed mother nucleus
before decay.

spond to any expected or known ®Be state can be observed.
Such peak was previously observed in the measurements
of the similar reactions [27-29]. It most probably orig-
inates from the alpha decay of °Be*, produced by both
various reactions and beta-decayed °Li beam. At the en-
ergy of around 3 MeV, a broad bump is observed, which
corresponds to the first 8Be excited state (3.04MeV,2 ).
It is slightly shifted to lower energies probably due to the
efficiency of the detection setup.

3.3 « - %He coincidences

The next interesting spectrum was reconstructed for “He
and ®He detected in coincidence, i.e. states which could
correspond to the '°Be excitations, shown in Fig. 5. The
threshold for the alpha decay of '°Be is at the energy of
7.4133 MeV, so observable peaks are expected above it.
The very first state above the threshold, at the energy of
7.54 MeV, decays both via alpha decay and neutron emis-
sion. Therefore, alpha decay is suppressed due to the
Coulomb barrier. The first alpha-decaying state we can
observe (marked with the left arrow in Fig. 5) is peaked
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Figure 6: Invariant mass spectrum for three as detected
in coincidence. The energy corresponds to the excitation
energy of the assumed mother nucleus before decay.

around 9.5 MeV. Right next to it is a state around 10.18
MeV (marked with the right arrow in Fig. 5). Even though,
both peaks correspond to already studied states [7, 8, 30],
the second one is still interesting and calls for further in-
vestigation. It is established as the 4* member of a rota-
tional band built on the 0" state at 6.18 MeV [7, 29, 31].
Nevertheless, that state is still not fully characterized and it
would be interesting to determine the partial widths of its
known decay channels into “He + ®He and “He + °He*.
With additional statistics, this experiment might reveal
higher excited states that correspond to the same rotational
band.

In this spectrum, higher states are not well-
pronounced, due to many possible reactions leaving “He
and ®He in the exit channel, which don’t necessarily pro-
ceed through the excited states of °Be nucleus. Neverthe-
less, further data analysis will clear the spectra.

3.4 a -« - a coincidences

The final spectrum worth mentioning is the triple-alpha co-
incidence spectrum, i.e. excited states in 12C. The thresh-
old for the alpha-decay of '>C is at 7.367 MeV, so again we
are interested in states above it. In Fig. 6, two highly pro-
nounced peaks can be observed. The first state is around
7.6 MeV while the other is around 9.6 MeV. They corre-
spond to the Hoyle (0]) and the 3~ state in 12C nucleus,
respectively.

4 Conclusion

In this contribution, preliminary results of the first part
of the °Li on "B experiment performed at TRIUMF ac-
celerator center are presented. This preliminary analy-
sis aimed to determine the capability of correctly recon-
structing fragments in coincidence and probing the excited
states of a nucleus from which the fragments are emitted.
The results presented here clearly show that some of the
already well-known and highly clustered states in beryl-
lium isotopes and '2C are populated. That was expected
as the experiment result since beryllium and carbon iso-
topes are populated through transfer reactions with high

cross-section. These results prove the concept of the cho-
sen beam and target to populate many different light nuclei
with pronounced clustering or molecular structures. Fur-
thermore, the presented results justify the selected detec-
tor setup as well-chosen for the desired state detection. In
addition to the spectra presented here, many different co-
incidences were found, but there was insufficient statisti-
cal significance to be presented here. Pending the analysis
of the second experimental campaign ran in August 2024,
the presented results show the effectiveness of the chosen
setup and open up new possibilities in further investigation
of '°Be rotational bands. With more detailed analysis and
higher statistics gained, states of interest will be populated
and studied using the chosen experimental setup.
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