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Abstract. This study examines the performance of the antisymmetrized molecular dynamics (AMD) transport
model in simulating the low-energy nuclear reactions '*0 + '>C at 16.7 MeV/nucleon. Experimental data,
collected using the GARFIELD+RCo detector at the Laboratori Nazionali di Legnaro, were compared with the
AMD model coupled with the GEMINI++ decay code. The results show that the model accurately predicts the
behaviour of fragments with Z > 10, although discrepancies were observed in the production of fragments with

4<7Z<10.

1 Introduction

Nuclear reactions at energies above 10 MeV/nucleon are
characterized by various mechanisms. In fact, beyond
complete fusion, which is the dominant mechanism at
lower energies, other processes such as incomplete fusion
and direct reactions become significant. For the '80 +
12C reaction at 16.7 MeV/nucleon the systematics from
[1] estimates that the fusion cross section accounts for ap-
proximately 17% of the total, shared between complete
(11%) and incomplete (6%) fusion. A similar estimation
can be found using the systematics in [2], which suggests
a 15.5% contribution from complete fusion. As a result,
a substantial fraction of the reaction cross section remains
unexplained by statistical models, necessitating the use of
an alternative approach. In particular, we employed the
antisymmetrized molecular dynamics (AMD) model [3],
coupled with GEMINI++ [4] as afterburner. The AMD
model is commonly used to simulate reactions at higher
energies involving both intermediate-mass systems [5—8]
and light systems [9—12]. This work, as further detailed in
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[13], represents the first application of the AMD model on
a light system at such a low energy.

2 Experimental apparatus and theoretical
model

The experiment took place at the Laboratori Nazionali di
Legnaro (LNL, Italy). A '80 beam at 300 MeV was de-
livered by the ALPI Linac on a '>C target. The reaction
products were detected using the GARFIELD+RCo setup
[14]. This apparatus provides a geometric efficiency of
roughly 80% of the total solid angle and high granularity,
featuring nearly 300 AE-E telescopes. The GARFIELD
detector is dedicated to the detection of Light Charged Par-
ticles (LCPs) and Intermediate Mass Fragments (IMFs).
The RCo is designed to detect also heavier fragments, such
as evaporation residues.

As previously mentioned, the transport model AMD
[3] was employed. Approximately 130000 events were
generated following a triangular probability distribution
of the impact parameter up to the grazing value (8 fm).
The excited fragments produced at the end of the dynamic
phase (calculated up to 500 fm/c) was used as input for the
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statistical code GEMINI++. In order to increase the statis-
tics, 1000 secondary events were generated for each pri-
mary one. Before comparing with experimental data, the
simulated events were filtered through a software replica
of the apparatus, which takes into account the angular cov-
erage, the energy threshold and the energy resolution of
each detector.

3 Experimental results and analysis

In the analysis, we impose the conditions 5 < Z;,, < 15
and 0.3 < pyot/ Pream < 1.1 and we select only those events
with a charged particle multiplicity greater than one. We
will focus on fragments with Z > 2, which are mainly pro-
duced at forward angles. Therefore, we select fragments
detected in the RCo allowing for better angular, energy
and mass resolution. In Fig. 1, the comparison of the ex-
perimental and simulated velocity distributions of some of
these fragments is shown. For fragments with Z = 3, 4 and
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Figure 1: Velocity v, distributions normalized to the area
for fragments with Z = 3, 7, 10. Black markers: experi-
mental distributions. Red lines: AMD+GEMINI++ dis-
tributions.

Z > 10, the AMD+GEMINI++ simulations show good
agreement with the experimental data. The spectra of frag-
ments with Z > 10 are particularly noteworthy, as their
peak is close v.,, . This suggests that these heavy frag-
ments are likely produced through complete or incomplete
fusion processes. Given their origin, which is also con-
firmed by the model [13], it is possible to perform a quan-
titative comparison between the experimental data and the
model predictions to distinguish between the contributions
of complete and incomplete fusion using a two Gaussian
fit of the velocity distributions, as proposed in [15]. In
Fig. 2 the results of the Gaussian fit on the experimen-
tal (left panel) and filtered model (right panel) spectra for
fragments with Z = 10 are shown. Similar results were ob-
tained also for Z = 11 and 12. In the fit procedure, we fixed
the mean and the width of the Gaussian which reproduces
the complete fusion (green line) at the values suggested
by the GEMINI++ code, while the parameters of the in-
complete fusion Gaussian (blue line) were left free, with
the only constraint for the mean to be located at v > v, .
The results of this procedure confirm that ions with Z >
10 are mainly produced in central events, basically asso-
ciated to fusion-like events. Moreover, the Gaussian fits
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Figure 2: Velocity v, distributions of Z = 10 for exper-
imental (black, left panels) and AMD+GEMINI++ (red,
right panels) data. The magenta solid line is the result of
the two Gaussian fit, while the green (blue) dashed line
represents the complete (incomplete) fusion component.

allow to deduce quantitatively the fractions of complete
and incomplete fusion, as shown in Table 1 considering
also their statistical and systematic errors. The experimen-
tal percentages are rather well reproduced by the filtered
AMD+GEMINI++ simulation. Using the 47 simulation,
we can also evaluate the impact of the apparatus filter: it
results to be negligible for Z = 12, while it is sizable for
Z =10 and Z = 11 perhaps due to a larger effect of the
modest coverage of the RCo.

For fragments with 5 < Z < 9, the model predic-
tions deviate from the experimental data, showing a pref-
erence for less dissipative events over fusion-like ones
(Fig. 1). This tendency of the AMD model, already
pointed out in [9], can be further explored by analysing
the AMD+GEMINI++ velocity spectra as a function of
the impact parameter b, as shown in Fig. 3. Fragments
with Z = 6, 7, 8 produced in central collisions (b = 0 -
2) are emitted in phase-space regions that are associated
with more peripheral reactions (b = 6 - 8), perhaps indi-
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exp (%)

filtered
simul (%)

47 simul (%)

CF
7=10 ICF

58.5+0.5+0.7
40.9+0.6+0.8

62.6+0.3+1.1
36.7+0.3+1.2

53.1+0.1+1.3
45.8+0.1+1.5

CF
Z=11 ICF

61 =1 +6
34 £1 +£5

64.9 £0.4 +4
31.8 £0.4 +2

59.9 0.1 +4
36.9 +0.1 +2

CF | 69 +3 +13
7=12
ICF| 22 +2+7

75 1 =13
18.0 £0.7 £6

74.9 £0.3 +6
20.8 £0.2 +3

dN/dv, [a.u.]

107

Table 1: Percentages of complete and incomplete fusion
with respect to the total as deduced from the two Gaus-
sian fit on experimental, filtered and 47 model distribu-
tions. Statistical an systematic errors are listed.

cating too low dissipation predicted by the model. This ef-
fect could be related to the NN cross section value adopted
by the model and/or to the inclusion of clustering interac-
tions, which could unfavour on average the one-body dis-
sipation. In this analysis, the AMD code was run with the
standard parameters from [9], but future studies should fo-
cus on optimizing the AMD parameters to better reproduce
this system. On the other hand, we could also investigate
the de-excitation process, which in this case is simulated
using the statistical code GEMINI++. In future studies we
could explore the use of a multifragmentation model, such
as SMM [16], which might result in a different momentum
distribution compared to GEMINI++.

4 Conclusions

In this work, we have presented a comparison between ex-
perimental data and the AMD simulation for the '80+'>C
reaction at 16.7 MeV/nucleon. To our knowledge, this is
the first time that the AMD transport code has been tested
for a light system at such low bombarding energy. The
overall agreement between the experimental data and the
AMD+GEMINI++ model is good for fragments with Z >
10, which are expected to result from complete or incom-
plete fusion processes. In fact, the AMD+GEMINI++
model accurately reproduces their multiplicity, velocity
spectra, and the percentages of complete and incomplete
fusion events. However, the model tends to underpredict
highly dissipative collisions in the most central impacts.
This is evident from the underproduction of Z = 6, 7, 8
ions with characteristics of evaporation residues; instead,
these fragments are mostly produced with velocity too
close to the entrance channel. Future work will focus on
both tuning the AMD parameters and exploring alterna-
tive de-excitation models to determine whether a better
reproduction of our experimental data can be achieved.
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Figure 3: Model data in 47 velocity v, distributions for
secondary fragments with Z = 6, 7, 8. Black lines: total
spectra. Colored lines: different selection of the impact
parameter b.
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