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Abstract. The formation of light nuclei in the rapidly expanding nuclear matter
after intermediate energy nucleus-nucleus collisions is investigated. It is demon-
strated that this phenomenon can be explained within the statistical approach by
applying the local equilibrium concept. We subdivide the expanding nuclear
system into several parts (primary clusters) consisting of nucleons which are
close in phase space. The nucleation process takes place inside these clusters,
and it can be described as their statistical decay in the coexistence region of the
nuclear liquid-gas phase transition. This approach is a natural generalization of
the well-known compound nucleus concept, and the freeze-out volume concept
developed for multifragmentation reactions. The local equilibrium concept al-
lows to explain consistently many experimental data, that was not possible with
the statistical models under assumption of global chemical equilibrium. We
extend this approach by including the dynamical and statistical stages for the
description of the nucleosynthesis in central collisions of relativistic ions.

1 Introduction

On the surway of the recent results on the nuclei formation in heavy ion reac-
tions [1-5], in this study we have focused on the products of the central Ni+Ni
collisions around intermediate energies. At high energies some fragment for-
mation properties may disappear and/or change, but for the realistic modelling
it is always necessary to test model calculations for nuclear collisions starting
from lower to higher energies. We have used the Phase Space Generation (PSG)
method [6-8] within the Statistical Multifragmentation Model (SMM) [9] to de-
scribe formation of light nuclei. Model calculations are applied in three steps as
follows: generation of the initial nucleon/baryon distribution(s), identification
of clusters, and statistical decay of excited clusters. The initial nucleon distri-
butions are determined using the PSG method as in [6-8, 10]. Conservation of
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total energy and momentum and produce nucleon momenta strongly correlated
with nucleon coordinates. In the second stage, hot clusters are “identified”
based on nucleon relative velocities v, via clusterization of of baryons (CB) in
local equilibrium. In the third stage, SMM is employed to obtain the final nu-
clei, hypernuclei and double hypernuclei (as in Refs. [7, 8, 10, 11]). We have
also discussed single excited source in chemical equilibrium. We call as global
equilibrium to this assumption, after collision there will be a compound nucleus
and depending on the excitation energy of this big cluster only limited number
of light nuclei can be formed in the system. Especially, in this study mainly we
have compared two cases by assuming for single excited source decay in global
chemical equilibrium and multiple chemical sources in local equilibrium in the
expanding matter.
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Figure 1. The yield per event of nuclei versus masses number A (top panel) and the
average kinetic energies per nucleon of charged nuclei Z (bottom panel) in the local equi-
librium (full symbols, the calculations with PSG+SMM), and in the global equilibrium
(open symbols, the calculations with SMM) for Ni+Ni central collision at energies of 12,
18, and 36 MeV per nucleon.
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2 Mass Distributions and Kinetic Energy Spectra of
Light Charged Nuclei

In Figure 1, top panel shows the yield per event of final nuclei versus mass
number A and the bottom panel shows kinetic energies of final nuclei versus
charge number Z in the local equilibrium (full symbols, the calculations include
PSG+SMM), and in the global equilibrium (open symbols, the calculations done
with SMM only) for Ni+Ni central collision at energies of 12, 18, and 36 MeV
per nucleon. In the top panel, while the mass distributions decreases with in-
creasing mass number with increasing energy, in global equilibrium assumption
case these decreasing trend dominate with increasing energy. While the average
kinetic energy per nucleon for light charged nuclei does not change at around
12 MeV per nucleon for global and local equilibrium case. There is a clear dif-
ference around higher energies (such as 18 and 36 MeV per nucleon) for global
and local equilibrium case in the bottom panel of Figure 1.

As illustrated in Figure 1, as the source energy increases, there is a rather
smooth transition in the characteristics of final nuclei between the cases of global
and local equilibrium. While the local equilibrium results in increased yields
of large nuclei (top panel), and the kinetic energies become higher than in the
global equilibrium (bottom panel). In general, the global equilibrium at high
excitation energy of the source encourages the disintegration of the system into
very small fragments, while the local equilibrium effectively appears a part of
this disintegration energy into the kinetic energy of the produced nuclei.

3 Conclusion

Since the nucleosynthesis of nucleons can occur in the region of transition from
the heavy-ion beams of Fermi energy to the beams with several hundred MeV
per nucleon, in this study, we focused on mechanism of fragment formation in
central Ni+Ni ion collisions at intermediate energies. New nuclei are composed
in the expanding nuclear matter due to the existing of the attractive interaction
between nucleons, which is calculated in our case within the statistical approach.
We show that this approach worked perfectly at intermediate energy by describ-
ing FOPI data [7], it is extracted that the excitation energies of the local excited
sources should coincide around 6-10 MeV per nucleon, it is the signature of
universal mechanism for the nuclear fragment production and independent on
v.. We have demonstrated mass distributions and kinetic energy spectra of light
nuclei at energies starting from 12 MeV per nucleon to 36 MeV/nucleon for the
nucleosynthesis of hadrons to form nuclei processes by using PSG method and
taking into account their deexcitation, the parameters of the hot nuclear matter
in the clusters should be with the parameters of finite nuclear systems extracted
from multifragmentation studies. On the basis of these kind of results by using
local and global equilibrium assumption to form new nuclei, we will implement
similar methods to test the generalized SMM for the hypernuclei and double
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hypernuclei formation in Ref. [10] at higher energies. We believe that it would
be worthwhile to present results for nuclei, hypernuclei and double hyper nuclei
at higher energies by comparing full hybrid model calculations PSG+SMM and
SMM, and also extend for other physical quantities, such as radial and directed
flow, which are still under investigation.

Acknowledgements

The authors acknowledges German Academic Exchange Service (DAAD) sup-
port from a PPP exchange grant and the Scientific and Technological Research
Council of Tiirkiye (TUBTAK) support under Project No. 124N105. This study
has been performed in the framework of COST Action CA22113 THEORY-
CHALLENGES.

References

[1] S.Piantelli, G. Casini, A. Ono, G. Poggi, G. Pastore, S. Barlini, M. Bini, A. Boiano,
E. Bonnet, B. Borderie et al., Phys. Rev. C 103 (2021) 014603.

[2] C. Ciampi, S. Piantelli, G. Casini, G. Pasquali, J. Quicray, L. Baldesi, S. Barlini, B.
Borderie, R. Bougault, A. Camaiani et al., Phys. Rev. C 106 (2022) 024603.

[3] J. W. Lee, M. B. Tsang, C.Y. Tsang, R. Wang, J. Barney, J. Estee, T. Isobe, M.
Kaneko, M. Kurata-Nishimura, W.G. Lynch et al., Eur. Phys. J. A 58 (2022) 201.

[4] C. Ciampi, S. Piantelli, G. Casini, A. Ono, J.D. Frankland, L. Baldesi, S. Barlini,
B. Borderie, R. Bougault, A. Camaiani et al., Phys. Rev. C 108 (2023) 054611.

[5] C. Frosin, S. Piantelli, G. Casini, A. Ono, A. Camaiani, L. Baldesi, S. Barlini, B.
Borderie, R. Bougault, C. Ciampi et al., Phys. Rev. C 107 (2023) 044614.

[6] A.S.Botvina, N. Buyukcizmeci, M. Bleicher, Phys. Rev. C 103 (2021) 064602.

[7]1 A.S. Botvina, N. Buyukcizmeci, M. Bleicher, Phys. Rev. C 106 (2022) 014607.

[8] N. Buyukcizmeci, A. Ergun, A.S. Botvina, M. Bleicher, Phys. Rev. C 111 (2025)
064615.

[9] J.P. Bondorf, A.S. Botvina, A.S. Iljinov, I.N. Mishustin, K. Sneppen, Phys. Rep.
257 (1995) 133.

[10] N. Buyukcizmeci, T. Reichert, A.S. Botvina, M. Bleicher, Eur. Phys. J. A 61 (2025)
23.
[11] N. Buyukcizmeci, T. Reichert, A.S. Botvina, M. Bleicher, Phys. Rev. C 108 (2023)

054904.

266



