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The measurement of 12C+'2C at astrophysical energies is mandatory to
well understand stellar evolution. First, fusion hindrance has been observed
in most medium—heavy fusion systems, but the effect on light—medium sys-
tems is still unclear. Second, the presence of resonances in the 2C+'2C
fusion reaction, that can be a strong indication of molecular states in the
24Mg, can also have an impact on our understanding of stellar evolution of
massive stars. The precise measurements of these reaction cross sections
at deep sub-barrier energies are highly challenging, as the cross section
is at a sub-nanobarn level with a dominating background. To overcome
this challenge, the STELLA (STELla LAboratory) experiment combined
with the UK-FATIMA (FAst TIMing Array) allows for a coincident mea-
surement of gammas and charged particles from the fusion reaction to effi-
ciently suppress the background and achieve precise measurements at deep
sub-barriers energies in the astrophysical region of interest. The first exper-
imental campaign in 2016/2017 revealed hints of hindrance and a potential
resonance at low energies. This contribution will discuss data from the 2019
experimental campaign and give details about the experimental setup.
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1. Introduction

The abundance of the elements around us can be tracked back to various
astro-nuclear production mechanisms and sites [1] and, in fact, the synthesis
of the elements and the development of the universe are mutually dependent.
This comprises processes that generate the energy that stabilises stars [2] and
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that eventually drive stellar explosions leading to the injection and mixture
of the generated material after the final fate of stars into space contributing
to the abundance inventory around us [3], that is nowadays the main source
of stellar physics knowledge. In stars, vast amounts of mostly light ionised
material is gravitationally bound and heated by nuclear reactions synthesis-
ing heavier elements, and releasing typical radiation («, 5,v,n,p ...). Stars
heavier than ~ 8 Mg, [4] develop in a sequence of typical reactions where
the ashes of the previous stage serve as the fuel of the subsequent burning
phase. During carbon burning, two '2C nuclei, that were generated be-
fore via the triple-alpha process [5], fuse into a highly excited compound
nucleus ?*Mg* that then mainly decays into 2°Ne* + a, (Q = 4.62 MeV)
and 23Na* + p, (Q = 2.24 MeV) with subsequent emission of characteristic
gammas from the de-excitation of the daughter nuclei.

The stellar fusion process takes place at temperatures of 0.8...1.5 x
10° K, which translates into relative energies of the 2C nuclei far below
the Coulomb barrier of the repulsive charges. Hence, the process happens
via quantum tunneling with rapidly ceasing cross sections dropping below
nanobarns in the astrophysics region of interest. Around the barrier, low
lying states with reasonable overlap with the ground state can contribute
to the fusion process [6, 7| opening alternative reaction channels (Q value)
leading to sizeable enhancement of the cross section around a barrier distri-
bution. The width of this distribution and the possible onset of non-coupled
fusion generally affects sub-barrier cross sections [8], but is still debated for
12C+12C, also due to the high energy of the first excited state.

At even lower relative energies in the deep sub-barrier energy regime, the
fusion cross section was found to be suppressed in a large number of medium
mass systems [8]. The impact on 12C+!2C has been addressed with indirect
studies as well as phenomenological models and is still debated [8, 9]. The
hindrance phenomenon was attributed to the incompressibility of nuclear
matter [10] or a damping of the wave function at close distances [11]. A
comprehensive microscopic description is still missing and for the particular
case of carbon fusion, interpretations based on the low density of states in
24Mg [12] or on the Pauli principle in the compound nucleus between nucle-
ons belonging to different nuclei leading to Pauli repulsion as the two nuclei
start overlapping in the fusion process [13], are available. These Hartree—
Fock calculations show no indications of fusion hindrance in 2C+12C, but
the authors point out the sensitivity to the sub-barrier potential and the
difficulty of its reliable determination.

The 2C+12C reaction is known to reveal many resonances from energies
above the barrier to deep sub-barrier energies [14, 15]. The origin of these
structures is subject to long-lasting debates [16, 17| about the conditions
of forming cluster and doorway states that resemble a molecule of two 2C
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nuclei. The discussion was revived lately with the population of possible
cluster states in ?*Mg via alpha scattering, where extreme alpha branching
decay ratios were measured in remarkable agreement with first principle
calculations [18, 19].

The discovery of fusion hindrance intensified once more the efforts to
precisely determine the fusion cross sections of C+12C with recent so-
phisticated direct and indirect measurements |15, 20-23|. In the following,
the gamma-particle coincidence experiments with nanoseconds timing with
STELLA are described in more detail.

2. Experimental setup

The mobile measurement station is designed for detecting light charged
particles and de-excitation gammas from reactions at the deep Coulomb bar-
rier energy and is described in more detail in [24]. The sampling periods of
the STELLA and FATIMA digitizers allow for unambiguous separation of
protons and alphas with nanoseconds timing gates on the coincidences. This
enables surpassing background suppression resulting in ultra clean detection
of fusion cross sections below nanobarn. Online monitoring and offline analy-
sis routines are established to guarantee reliable measurements during weeks
of data taking. To withstand pA beam intensity, the apparatus is equipped
with a rotating target mechanism for efficient heat dissipation in the thin
target foils.

The present carbon fusion experiment was carried out at the Andromede
accelerator at IJCLab, Orsay (France) with 12C23% beams with an inten-
sity of up to 5 puA on thin carbon target foils of 30...50 pg/cm?. The
scattering chamber was equipped with two Micron S3 type detectors cover-
ing lab system polar angles 10°...30° (S3F) and 148°...168° (S3B). The
gamma detection was carried out with 34 LaBr3(Ce) detectors from the
UK-FATIMA Collaboration [25, 26].

2.1. Target thickness and composition

A target foil with a 5 cm diameter frame is shown in Fig. 1. The
beam impinges at an outer radius and the rotation under the beam spot
forms a track from heating. The material was analysed with the Raman
spectroscopy and no significant change in the morphology (disordered and
amorphous carbon) was detected (see [22] for details). In order to prevent
carbon buildup [27, 28|, the measurements were carried out in ultra-high
vacuum (10~® mbar) avoiding outgassing materials inside the chamber or
from pumping, while the impinging beam was moderately heating the tar-
get. They were systematically characterised after fabrication at GANIL,
France, by high-precision weighting, monitored during the experiment by
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means of the counting rate ratio of elastically scattered carbon beam, and
evaluated after the experiment by scanning with a collimated ' Am source
comparing the radiated and non-radiated area.

Fig. 1. (Colour on-line) Carbon target foil (~ 30 ug/cm?) with a track from irradia-
tion with carbon beam (beam spot diameter ~ 0.6 cm). The blue/light grey mark-
ers indicate the ! Am measurements iterated with the central (non-irradiated)
position.

A typical alpha source scan along eight positions is presented in Fig. 2,
where positions 1 and 9 are identical and repeated to check the consistency
of the approach. Data were fit by a periodic function (in red solid) reflecting
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Fig.2. (Colour on-line) Target thickness scan as a function of the position, where
position 1 and 9 are identical measurements and repeated. The red solid curve
represents a fit, the red dashed curve is the average thickness from the fit.
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the fact that the target foil sheet has a thickness gradient with constant
thickness perpendicular to the direction of thickening. The fact is illustrated
in Fig. 3 in Cartesian coordinates with a target thickness gradient of about
2.9(5) pg/cm, taken from the linear fit. The effect might be linked to the
fabricating of the extended carbon foil sheet with the gradient reflecting
the geometry of the carbon vapour chamber as well as a vapour deposition
efficiency variation along the (rectangular) polarised purging elements. In
the frame of this work, multiple targets were analysed with gradients between
0.9(9) pg/cm and 6.6(9) pg/cm. An extended carbon foil can be used for
six rotating target foils and targets can be tracked back to the production
foil with the gradient.
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Fig.3. (Colour on-line) Target thickness gradient in Cartesian coordinates with a
linear fit (red).

The 24 Am source measurement complements the monitoring of the tar-
get thickness before, during, and after the experiment and, moreover, im-
proves the uncertainty to < 10% by comparing the average thickness (red
dashed curve in Fig. 2) to the weight after production. During the experi-
ment, only the average value enters as the target rotates.

3. Experimental results and discussion

During the present carbon fusion experiment, the sub-barrier energy
regime Eiq from 3.1 to 3.5 MeV was scanned at six different energies (High
Energy Region HER) and one measurement was carried out at Eq =
2.4 MeV (Low Energy Region LER). In addition, supplementary fusion data
to compare with previously examined (higher) energies was analysed in order
to guarantee the accuracy of the work presented here.
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Such a measurement of the angular differential cross section is displayed
in Fig. 4 for '2?C+'2C with alpha emission to the ground state of 2°Ne.
Data from S3F and S3B in red are mirrored around 90° in grey to guide
the eye and to check consistency. The measurements were fit with Legendre
polynomials up to order six (upper blue/black) and eight (lower red/grey).
The residue in the lower panel follows the same colour coding and reveals
higher consistency of the Legendre polynomials of the order of six. Note
that each measurement /strip was normalised to the respective solid angle,
target thickness, and beam exposure. The associated uncertainty also in-
cludes the present geometrical systematics relevant for the boost into the
centre-of-mass system. The cross section is then extracted from the associ-
ated Legendre polynomial of the order of zero and is consistent with previous
findings, but allows for measurements with higher precision of 16% (system-
atic and statistic). The leading Legendre polynomial to a final state reveals
the angular momentum carried by the light evaporated particle and a com-
prehensive analysis allows for the determination of the spin parity state in
the compound nucleus ?*Mg. For this purpose, a detector was placed at
steep angles ~ 60°... 90°, where visible information is currently missing.
The addition of this detector will facilitate a clear identification of the lead-
ing Legendre polynomial, ¢.e. distinguishing unambiguously between order
six and order eight in Fig. 4.
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Fig.4. (Colour on-line) Angular differential fusion cross section for the population
of the ground state in 2°Ne versus c.m.s. polar angle at F,, = 5.5 MeV. Data
of S3F and S3B in red are mirrored in grey around the symmetry axis of 90° to
guide the eye. The Legendre polynomial of order zero (horizontal green/light grey),
six (upper blue/black), and eight (lower red/grey) are displayed. The lower panel
contains the residue with respect to the colour-coded fit function [29].
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The angular distributions in the HER were systematically analysed for
the publication of Fruet et al. [22] with the present experimental setup.
Towards the LER, the angular distributions cease with only low angular
momentum of the evaporated particle (see also [30, 31]), and the geometri-
cal mean was taken for the cross-section calculation. The inflicted error is
smaller than the statistical uncertainty in the LER.

The cross sections are then expressed in terms of the modified S-factor
S* = oFEexp(2mn + gE) to compensate for the tunnelling through the
Couloumb barrier, where n = 23 Zye? /hv denotes the Sommerfeld parameter
and the g = 0.122\/uR3/Z1 Z5 is a simple form factor in >C+12C reactions,
with reduced mass p, the square-well radius R, and the charge Z; 2 of the
nuclei. The correction exp(gF) is a form factor and is needed for the large
interaction radius and energy involved. The HER measurements are moti-
vated by significant discrepancies between comprehensive earlier campaigns
that start emerging [15, 30]. Our data in the proton channel are in general
agreement with Spillane et al. [15], but with drastically reduced uncertainty,
identifying a significant drop of the S*-factor. Some data points of the alpha
channel in the HER deviate from [15] by up to ~ 60%, but the S*-factor
appears flat and no drastic drop is detected. The energy in the LER was
chosen between two previous coincidence measurements, where partly only
limits exist, but no data points [22]. The cross-section data points are below
nanobarn with statistical uncertainties of 70% for alphas and 82% for pro-
tons. The current measurement favours the interpretation of the S*-factor
trend given by Fruet et al. [22].
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