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Central nucleus-nucleus collisions produce many new baryons and the nuclear clusters can be formed from
these species. The phenomenological coalescence models were used extensively for description of light nuclei
from these baryons in a very broad range of collision energies. We suggest that the coalescence nucleation
process can be effectively considered as (1) the formation of low-density baryon matter which can be subdivided
into primary diluted clusters with the limited excitation energy, and (2) the following statistical decay of such
clusters leading to the final cold nuclei production. We argue that the nuclei formation from the interacting
baryons is a natural consequence of the nuclear interaction at subnuclear densities resulting in the nuclear
liquid-gas-type phase transition in finite systems. In this way one can provide a consistent interpretation of the
experimental fragment yields (FOPI data), including the important collision energy dependence of He isotope
production in relativistic ion reactions. We investigate the regularities of this new kind of fragment production,
for example, their yield, isospin, and kinetic energy characteristics. A generalization of such a clusterization
mechanism for hypernuclear matter is suggested. The isotope yields and particle correlations should be adequate

for studying these phenomena.

DOI: 10.1103/PhysRevC.103.064602

I. INTRODUCTION

The production of nuclear fragments in relativistic nuclear
reactions is one of the important topics in nuclear physics.
It is known since the late 1970s that many different light
complex nuclei can be produced in central nucleus-nucleus
collisions [1]. Usually it is associated with a coalescence-like
mechanism, i.e., the complex particle are formed from the
dynamically produced nucleons and other baryons, because
of their attractive interaction. The coalescence model has
demonstrated a good description of the data (by adjusting
the coalescence parameter) from intermediate to very high
collision energies [2—4]. There were many other intensive in-
vestigations of the coalescence mechanism, e.g., see the latest
Refs. [5-7]. This supports the idea that the baryons emerging
after the initial dynamical stage are the main constituents of
these nuclei.

As we know also, many nuclear fragments can be produced
in peripheral collisions as a result of multifragmentation of
hot projectile/targetlike residual nuclei. A lot of experiments
was devoted to this study associated with the nuclear liquid-
gas type phase transition. In particular, ALADIN [8-11],
EOS [12], ISIS [13,14], FASA [15], and other experimental
collaborations have provided very high quality data. From
the theoretical side, many dynamical and statistical models
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were developed. Here we recall the success of the hybrid
approaches, which include the descriptions of the nonequi-
librium dynamical reaction stage and the following decay of
the equilibrated nuclear sources. The description of the last
stage with the statistical models was very instructive (see, e.g.,
SMM [16] and MMMC [17]). These statistical models pro-
vide the generalization of the liquid-gas type phase transition
phenomenon to finite nuclear systems. The success of the sta-
tistical models in description of the fragment production has
encourage to generalize them for hypernuclear matter, and,
finally, for production of hypernuclei [18]. The involvement
of hyperons (A, ¥, E, ©2) obtained in high-energy reactions
provides a complementary method to improve traditional nu-
clear studies and opens new horizons for studying particle
physics and nuclear astrophysics (see, e.g., Refs. [19-23] and
references therein). Previously we have theoretically investi-
gated the production regularities of large hypernuclei which
can originate from peripheral nucleus-nucleus collisions. In
this case the produced strange particles are captured by the
projectile and target residues. In particular, we have demon-
strated a big yield of such hypernuclei, their broad distribution
in mass and isospin, and a considerable production of multi-
strange hypernuclei [24-27]. This opens new possibilities for
their investigation in comparison with traditional hypernuclei
experiments with light particles.
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However, many modern experimental detectors for heavy-
ion collisions are designed to measure particles produced in
midrapidity reaction zone. Presently, some experimental col-
laborations (STAR at RHIC [28], ALICE at LHC [29], CBM
[30], BM@N, MPD at NICA [31]) plan to investigate light
nuclei clusters and their properties in reactions induced by
relativistic hadrons and ions. Therefore, in this paper we con-
centrate on the production of light nuclei (and hypernuclei)
coming from central high-energy collisions.

To understand these nuclei formation process we apply
theoretical methods, which were partly developed earlier, e.g.,
for the coalescence procedure [32]. In this paper we em-
phasize another aspect of this phenomenon: The coalescent
clusters can be sufficiently large and present pieces of nuclear
matter at subnuclear densities. They can have some excitation
energy and their following evolution can be described by
the statistical methods. Moreover, the decay of these excited
clusters can be treated by basing on the previous theoretical
and experimental achievements concerning nuclear multifrag-
mentation phenomena. Contrary to the standard coalescence
picture which considers only baryons combining into a final
nucleus the new picture includes effectively many body inter-
action, also with baryons which were not captured in the final
nuclei. This novel development leads to the qualitatively new
predictions and can explain experimental data which were
never analyzed before. Below we demonstrate the important
new findings and compare our results with recent FOPI exper-
imental data [33,34].

II. PHYSICAL MEANING OF THE COALESCENCE
INTO HOT CLUSTERS

The normal and strange baryons are abundantly pro-
duced in high-energy particle reactions, e.g., nucleus-nucleus,
hadron-nucleus and lepton-nucleus collisions. For description
of this process one can use the transport models, like UrQMD
[35,36], HSD [37], IQMD [38], GiBUU [39], and others.
These models generate baryons coming from primary and
secondary particle interactions, including the rescattering and
decay of resonances. In the end of the dynamical stage these
produced baryons can also attract each other and form clus-
ters. The phenomenological coalescence models are usually
adjusted to describe the cluster yield by using a coalescence
parameter. The success in description of the experimental
data (see, e.g., Refs. [2-7] and references in) tells us that
the clusters can really be consisted of the dynamical baryons.
However, it does not tell us about the phase space distribution
of the involved baryons, and on properties of the formed
clusters. As a rule, the transport models designed to describe
high-energy interactions have no possibilities to follow pre-
cisely low energy interactions between nucleons leading to the
nucleus formation at low densities.

In the end of the dynamical stage (at time around
~10-30 fm/c after the beginning of the nucleus collision)
some produced baryons can be located in the vicinity of
each other with local subnuclear densities around 0.1 (09 ~
0.15 fm~3 is the normal nuclear density). The momenta of
these baryons are obtained from primary nucleons and other
hadrons interactions during their collisions. These particles

are mostly concentrated in the midrapidity region. We expect
that by this time the fast produced particles, as well as the
nucleons of projectile and target residue, have separated suf-
ficiently, so the hard interactions leading to the new particle
formation are practically stopped. Such kind a saturation is
demonstrated in many transport approaches [24]. For this
reason one can also expect that if some baryonic clusters are
possibly formed via dynamical correlations in earlier times
they will be destroyed by intensive interactions existing at
large densities. At the subnuclear density the baryons in the
coordinate vicinity will still have an attractive nuclear inter-
action and may form new baryon clusters. Since the baryons
can move respect to each other inside these clusters, we may
say we are dealing with the excited clusters. Actually, in our
approach we can consider a general situation of baryonic
nuclear matter expanding as a result of the previous dynamical
process. The new idea is that our coalescence procedure can
be presented as a division of the all low-density matter into
small parts (clusters) with baryons which are in equilibrium
respective to the nucleation process. These clusters are anal-
ogous to the local freeze-out states for the liquid-gas type
phase coexistence adopted in statistical models. The follow-
ing evolution of such clusters, including the formation of
nuclei from these baryons, can be described in the statistical
way. Within our procedure it means that these hot clusters
decay into nuclei. It is interesting that this statistical decay
of finite systems leads to a universal scaling behavior of the
nuclei yields with the system size, as known from the mul-
tifragmentation studies also. We emphasize a very important
difference of our mechanism from the standard coalescence:
It is assumed in the simplistic coalescence picture that only
baryons which combine a bound nucleus can interact in the fi-
nal state. All other baryons will not interact with this nucleus,
or interact very slightly by taking extra energy to conserve
the momentum/energy balance. In our case, the baryons of
the primary hot coalescent cluster may be unbound but they
interact intensively to produce final nuclei. As a result not all
these baryons will be bound in the nuclei in the end.

Here the crucial point is if the lifetime of these clusters is
sufficient for equilibration between the baryons to be consid-
ered as statistical systems and to apply the statistical methods.
We remind that the lifetime of finite nuclear species is related
to the energy accumulated into these species. We know from
the extensive studies of nuclear multifragmentation reactions
[9-11,16,17] that the excitation energies of the excited nu-
clear systems can reach up to 8—10 MeV per nucleon, and
the statistical models describe their disintegration very good.
We have also learned from the analysis of nuclei production
in multifragmentation that the densities before the break-up
of these systems are around 0.1-0.3pp, and their lifetime is
50-100 fm/c [13,15]. We believe that the difference between
the multifragmentation of excited projectile- and targetlike
sources and formation of the baryon clusters in central col-
lisions is just in the dynamical mechanisms leading to these
diluted finite systems. In the standard multifragmentation the
systems are prepared via dynamical knocked many nucleons
and thermal (or dynamical) expansion of the remaining nuclei.
Our cluster systems are prepared just as a result of the local
interaction (e.g., attraction) of the stochastically produced
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primary baryons. Therefore, we can suggest that the energy
around ~10 MeV per nucleon could be a reasonable value
which can be reached in such hot coalescent clusters, simi-
lar to the standard multifragmentation case. If the excitation
energy is much higher, then the existence of such clusters
as intermediate finite systems with their following evolution
in the statistical way become problematic. However, the final
conclusion on the excitation energy should be done after the
detail comparison with experiment.

III. SIMULATIONS OF PRODUCED BARYONS
AND THEIR COALESCENCE

It is natural to use the transport models for the generation
of baryon parameters (coordinates and momenta) after their
dynamical production in relativistic nucleus collisions. As
an approximation we can employ the Dubna cascade model
(DCM) which has demonstrated a good performance in de-
scription of many experimental data [2,24,27]. According to
the construction this model provides a defined time-end of
the fast reaction stage and gives the corresponding parameters
of baryons. In the following we note it as G1 generation.
However, to understand the coalescence and following de-
excitation processes better, as an initial step we’ll use the
distributions of baryons in kinetic energy obtained within
other models which have clear physical interpretation. It is
instructive to consider a simple expanded nuclear matter
with stochastically distributed baryons. Our second method
is noted as G2 generation: We perform the isotropic gen-
eration of all baryons of the excited sources according the
microcanonical momentum phase space distribution with the
total momentum and energy conservation. It is assumed that
all particles are in a large freeze-out volume (at subnuclear
densities) where they can still interact to populate uniformly
the phase space. Technically, it is done with the Monte Carlo
method applied previously in the SMM and Fermi-break-up
model in the microcanonical way [16], and taking into account
the relativistic effects according to the relativistic connection
between momentum p, mass m, and kinetic energy of particles
Ey, see Eq. (1) (where the sum is over all particles and all
ingredients are taken in the energy units):

YN VR +m=E+ ) m. (1

The total energy available for kinetic motion of baryons Ej
(we call it as the source energy) is the important parameter
which can be adjusted to describe the energy introduced into
the system after the dynamical stage. We believe G2 gener-
ation can be considered as one of the reasonable cases since
there are very intensive interactions between colliding nucle-
ons of target and projectile, which take place in some extended
volume during the reaction and may lead to the equilibration
in the one-particle degrees of freedom. In this case we do not
take directly into account the coordinates of the baryons but
we assume they are proportional to their velocities and strictly
correlate with them.

In the third method, G3 generator, we assume the mo-
mentum generation similar to the explosive hydrodynamical
process when all nucleons fly out from the center of the system
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FIG. 1. Energy spectra for initial nucleons of the hot expand-
ing nuclear system according to the microcanonical phase space
distribution—G?2 (a), and according to the hydrodynamicallike
explosion—G3 (b). The suggested total kinetic energies are 20A
MeV, 50A MeV, and 200A MeV. The nucleon source size and com-
position are shown in panel (a).

with the velocities exactly proportional to their coordinate dis-
tance to the center of mass. For this purpose, with the Monte
Carlo method, we place uniformly all nucleons inside the
sphere with the radius F R,,A(l)/ ? without overlapping. Here A
is the nucleon number, and R, &~ 1.2 fm is the nucleon radius.
The size factor F' ~ 3 is assumed for the expanded freeze-out
volume in which the nucleon can still strongly interact with
each other. At the intermediate collision energies this volume
corresponds approximately to the average expansion of the
system after simulations with the transport models, when the
baryon interaction rate drastically decreases. Finally, we at-
tribute to each nucleon the velocity by taking into account the
momentum and energy conservation for the relativistic case
[Eq. (1)]. Obviously, the velocities and coordinates of baryons
are strongly correlated with each other. It is obvious that both
G2 and G3 generators suggest the baryonic matter expanded
in each coordinate point. All parts of this matter do certainly
pass the “freeze-out” density where nuclei can be still formed.
We think it is important to consider these cases for our study.

In the Fig. 1(a) we demonstrate the energy distribution of
all initial nucleons in the excited source with mass number
Ao = 400, charge Zy = 160, after G2 generation. The source
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energy (i.e., the total kinetic energies of all nucleons) were
taken as Ey = 20A MeV, 50A MeV, and 200A MeV. This may
characterize the hot systems produced at central collisions of
heavy nuclei at laboratory energies around 1004-1000A MeV.
As expected, the distributions are very broad. We have also
checked that the size effect on the distributions is practically
minimal, as it is following thermodynamical quantities in the
one-particle approximation. In the Fig. 1(b) we show the same
distributions but for G3 generation. It is seen a qualitative
difference of the nucleon energy distributions after G2 and
G3 generators. G3 provides a very compact distribution of
nucleons according to their positions in the freeze-out volume.
We think it is important to demonstrate how this difference
will be manifested in the cluster production and the kinetic
energy of clusters.

As discussed, because the baryons produced at the dynam-
ical stage can fluctuate in the momentum space, and this can
also be correlated with their locations in the coordinate space,
we can divide the matter into the primary baryon clusters
(i.e., the primary clusters appear due to geometric phase-space
correlations). The subtle interactions (attraction) inside these
primary clusters can lead to the final nuclei formation. To
describe the subdivision into such clusters we use the coa-
lescence prescription, and apply the coalescence of baryon
(CB) model [32,40]. In G2 and G3 cases the criterion is the
proximity of the velocities (or momenta) of nucleons. As was
mentioned, in these cases we do not include explicitly the
coordinate of nucleons, since this kind of generation suggests
a correlation of velocities and space coordinates. In particular,
the coordinate vectors should be directly proportional to the
velocities vectors. So the velocity coalescence parameter is
sufficient for the cluster identification in these models. Such
a correlation exists in many explosive processes and it influ-
ences the original clusterization. However, for the following
evaluation of the cluster properties we assume that such clus-
ters with nucleons inside have the density of p. & é,oo as
it was established in the previous studies of statistical mul-
tifragmentation process [13,15—17]. This corresponds to the
average distance of around 2 fm between neighbor nucleons,
and these nucleons can still interact leading to the nuclei
formation. It is also consistent with the densities which can
be obtained for such clusters with the transport model calcu-
lations in the end of the dynamical stage (see Sec. V). Within
the CB model we suggest that baryons (both nucleons and
hyperons) can produce a cluster with mass number A if their
velocities relative to the center-of-mass velocity of the cluster
is less than v.. Accordingly, we require |¥; — Ucm| < v, for
alli =1, ..., A, where .y, = é Zle pi (p; are momenta and
Ey is the sum energy of the baryons in the cluster). This is
performed by sequential comparison of the velocities of all
baryons. As done before [32,40], to avoid the problem related
to the sequence of nucleons within the algorithm, we apply the
iterative coalescence procedure, starting from the diminished
coalescence parameters for clusters and by increasing them
step-by-step up to the v, value.

We show in Fig. 2 the distributions of clusters in their mass
number A after the coalescence of initial nucleons of the pri-
mary source Ay = 100, Zy = 40 (a), and Ay = 400, Z, = 160
[(b) and (¢)], for Ey = S0A MeV, for the velocity coalescence
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FIG. 2. Yield of coalescent clusters versus their mass number A
after the CB calculations at the source energy of S0A MeV. Com-
position and sizes of sources, nucleon generators (G2 and G3), as
well as coalescence parameters (v.) are indicated in panels (a), (b),
and (c).

parameter v, = 0.07, 0.14, and 0.22 c. In our case, v, means
the maximum velocity deviation and all baryons with lower
relative velocities do compose a cluster. The largest v, = 0.22
c is approximately of the order of the Fermi-velocity which is
expected in such nuclei. The smallest v, = 0.07 c is consistent
with the coalescence parameters extracted previously in anal-
yses of experimental data [2,3]. In the latest case the cluster
excitation energy is minimal and the cluster may not decay by
the nucleon emission.

One can see that the big clusters indeed can be produced
with the coalescence mechanism. It was discussed previously
[32,40], however, without determining the cluster properties.
By comparing Figs. 2(a) and 2(b) it is instructive to note
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FIG. 3. The same as in Fig. 2 but for fixed coalescence parameter
v. = 0.22 ¢, G2 and G3 generators. The source composition and
energies are shown in panels (a) and (b).

that the bigger source can produce larger clusters at the same
initial excitation per nucleon. This is a typical collective effect
coming from the larger number of nucleons involved in the
reaction. It is obvious that a larger coalescence parameter
leads to the formation of bigger clusters. Still, as will be
shown below, their excitation energies will be also higher,
and their subsequent decay decreases the nuclei sizes. By
comparing the results after G2 and G3 generators [Figs. 2(b)
and 2(c)] one can see an essential difference in the produced
clusters. In the last case the cluster have large sizes which
are likely grouped around the mean values with the maximum
yield. This is the consequence of flowlike initial distribution
of baryons. However, in G2 case we can get very big clusters,
however, with a low probability. They come from the low-
energy component of the G2 nucleon energy distribution.

It is important to understand how the masses of coales-
cent clusters evolve with the source energy. In Fig. 3 we
demonstrate the mass distributions in the biggest sources at
the parameter v, = 0.22 ¢ for the wide range of Ey. The yields
of big clusters are larger at the low source energy, since the
velocities of nucleons are smaller and closer to each other
to form a cluster. However, there are a lot of intermediate
mass clusters (with A 2 10) even at high source energies.
It is a consequence of the stochastic nature for production
of such nucleons since they may appear in the phase space
vicinity of other nucleons. Under the assumptions of G2 and
G3 generators we simulate it by the Monte Carlo method. The
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FIG. 4. Energy distributions of protons and some light particles
after the coalescence. The source characteristics, baryon generators,
coalescence parameter, and produced species are indicated in panels
(a) and (b).

considered source energies correspond to nucleons originated
from central heavy ion collisions with beam energies less than
1 A GeV.

The kinetic energy of produced clusters is also an im-
portant characteristic which can give experimental evidences
about baryons composing clusters. Figure 4 demonstrates the
kinetic energies of the remaining protons, and clusters 2H,
“4He, and °Li after the coalescence in the Ay = 400, Z, = 160,
Ey = 50A MeV source, for v, = 0.22 c. It is clearly seen that,
for example, the spectrum for remaining protons is essentially
different from the initial distributions of nucleons shown in
Fig. 1: The reason is that a lot of protons are captured by
primary clusters. In G3 case practically all protons are in
coalescent clusters. After decay of the excited clusters many
protons may become free again (see Fig. 10), however, this
additional interaction via the clusterization may change their
energy spectra. One can see also that the energy distributions
of the produced clusters have a flowlike structure, i.e., each
captured nucleon adds the kinetic energy to the cluster. It is
especially seen in G3 case, where the kinetic energy of clus-
ters with the maximum yield is nearly directly proportional to
their mass number.

In addition, these clusters can have very exotic isospin
composition. This is a direct consequence of the initial ran-
dom distribution of protons and neutrons in the phase space.
In Fig. 5 we demonstrate such broad isotope distributions for
few elements. It is clear from general properties of nuclei that
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FIG. 5. Isotope distributions of elements with charges Z = 3,
6 and 9 after the coalescence in the sources after G2 (a) and G3
(b) baryon generators. The source sizes, energies and coalescence
parameter are shown in panels (a) and (b).

these isotopes can not be stable and must decay afterwards.
However, this decay will take place during the time which is
more prolonged than the dynamical reaction stage. As a result
of the secondary processes we can expect very exotic nuclear
species in these reactions. We have found also that the bigger
source can be responsible for larger neutron enrichment and,
consequently, more exotic nuclei.

As well known the nuclei have many excited states which
decay during the time much longer than the dynamical (colli-
sion) reaction time which is around few tens fm/c. Generally,
we expect that during the coalescence process the highly
excited coalescence clusters can be produced. Within our ap-
proach, as we have discussed in Sec. II, the subtle interaction
of dynamically produced baryons can result into excited sys-
tems which decay later on in a statistical way. The energy
accumulated in such low-density finite systems is the main
ingredient which determines their following evolution. It can
be evaluated in various approximations. In the lowest limit
we can estimate this excitation as a relative motion of the
nucleons initially captured into a cluster respective to the
center of mass of this cluster. In this case the excitation en-
ergy E* of the clusters with mass number A and charge Z is
calculated as

A
E* =3 "\ +m}— My, )

i=1

where M, is the sum mass of nucleons in this nuclear clus-
ter, i = 1, ..., A enumerate nucleons in the cluster, m; are the
masses of the individual nucleons in the cluster, j,; are their
relative momenta (respective to the center mass of the cluster).
Howeyver, in the cluster volume the nucleons can interact with
each other and the binding interaction energy §E* should be
added to the E*. As an upper limit we can take the ground-
state binding energy of normal nuclei with A and Z. However,
since our clusters present pieces of nuclear matter expanded
already during the previous dynamical reaction stage, we
believe that in fact this energy should be lower. Therefore,
as the first approximation we use the following recipe for
evaluation of 6 E™*: It is known the ground-state binding energy
of nuclei can be written as the sum of short range contributions
(E, which naturally includes volume, symmetry, surface en-
ergies), and the long-range Coulomb energy (E.q), see, €.g.,
Ref. [16]. Since a cluster is extended its Coulomb energy con-
tribution will be smaller and we can recalculate it proportional
to (%)'/ 3 (in the Wigner-Seitz approximation [16]). For the
short range energies, it is assumed that all contributions do
also decreases proportional to (%)2/ 3 as it follows from the
decreasing of the Fermi energy of nuclear systems. In future
the problem of the energy deposited into the dilute unbound
systems after the dynamical stage should be investigated in
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FIG. 6. Average internal energy of coalescent clusters versus
their mass number A produced as a result of the coalescence (CB)
in the sources with Ag = 400 and Z, = 160 after G2 (a) and G3 (b).
The source energy and coalescence parameters are shown in panels
(a) and (b).
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details. In this first work we use

0 1/3 0 2/3
SE* = Ey <—) + E(—) , 3)
Lo Lo

since it provides a reasonable estimate in between the two
limits. In the following we call this energy as the cluster
excitation energy, or the cluster internal energy, which is de-
fined above the individual baryon masses. Further we take it
for the statistical calculations of the nucleation process (e.g.,
the cluster decay) which naturally include the ground-state
masses of produced nuclei.

As usual we consider the cases of both G2 and G3 baryon
generators. In Fig. 6 we present the average internal energies
of such clusters versus their mass number for the big systems
Ay =400, Zy = 160, and Ey = 50A MeV, with the coales-
cence parameters v, from 0.07, to 0.28 c¢. One can see that
the internal energy per nucleon increases with this parameter.
This is because more nucleons with large relative velocities
are captured into the same cluster. By comparing the panels of
Fig. 6 we see the effect of the source generator on these distri-
butions: The internal energies are not very different, since they
are determined by relative nucleon motions inside clusters.
Nevertheless the G3 provides a general increase of the internal
energy with the mass number since the large clusters are
consisting of baryons having initially higher velocities.

IV. DISINTEGRATION OF HOT COALESCENT CLUSTERS

It is clear that our primary coalescent nuclear clusters must
disintegrate into small peaces because of their big internal ex-
citation energy. As we discussed in Sec. II the whole process
of both the formation and subsequent decay of such clusters
is the necessary part of one physical phenomenon. It can
be considered as a result of the residual nuclear interaction
between baryons at the subnuclear density leading to the
production of final nuclear species. In the end the cold and
stable nuclei are produced. At this point it is instructive to
recall the previous analyses of experimental data on disinte-
gration of excited nuclear systems [8—17]. This investigation
has lead to the conclusions on the statistical nature of such
disintegration. Also it was discussed that this process can
be the manifestation of the liquid-gas type phase transition
in finite nuclei systems [16]. We remind, it was obtained
in these theoretical analyses [9—11,17] that there is the limita-
tion for the excitation energy for the finite thermalized nuclear
systems, around 10 MeV per nucleon, with values closed
to the binding energies of the systems. As was established
these systems decay in time about ~100 fm/c [13-15] that
is several times longer than the dynamical reaction stage. This
result is obtained in multifragmentation of nuclear residues
produced in peripheral relativistic ion collisions. We believe
that it is a general property of finite nuclear systems: In-
dependent on the way how the primary excited clusters are
formed, they can be considered as small systems of interacting
nucleons in the region of the nuclear-liquid gas coexistence.
As a result we can also expect the same limitation in the
excitation energy of our coalescent clusters. This puts natural
limits on the values of the parameters v, for the coalescence
mechanism in central nuclei collisions. In the following we
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FIG. 7. Yield of final cold fragments versus their mass num-
ber A after the coalescence and fragment de-excitation (CB + De)
calculations at the source energy of S0A MeV. Baryon generators,
composition and sizes of sources, as well as coalescence parameters
are shown in panels (a) and (b).

can apply the well established statistical models for the cluster
de-excitation.

As was done previously in relativistic peripheral collisions
and heavy-ion collisions at low energies we involve the sta-
tistical multifragmentation model (SMM) [16] to describe the
break-up of normal nuclear clusters. This approach includes
the consistently connected multifragmentation, evaporation,
fission (for large nuclear systems), and Fermi-break-up (for
small systems) models. At the same time it reflects general-
properties of nuclear matter resulting into the phase transition.
The Fermi-break-up model, which reasonably good describes
experimental data on disintegration of light nuclei, was gen-
eralized also for hypernuclear systems in Ref. [41]. As well
as the evaporation and fission models were generalized for
hypernuclei [26], and were involved for break-up simulations
of heavy clusters. Below we demonstrate the results obtained
after the disintegration of hot primary coalescent clusters into
the final cold nuclei.

The secondary de-excitation of primary clusters changes
dramatically all characteristics of yields and spectra of the
nuclei. In Figs. 7 and 8 we demonstrate how the mass distri-
butions of fragments, shown previously in Figs. 2 and 3, will
change after the de-excitation. For clarity we present only few
energies Ey and coalescence parameters v, for the both baryon
generators. It is obviously that the fragment sizes decreases
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FIG. 8. Yield of final cold fragments versus their mass num-
ber A after the coalescence and fragment de-excitation (CB + De)
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coalescence parameter are shown in panels (a) and (b).

considerably because of disintegration of large clusters. In
addition, the final fragment distributions behave differently
than the primary coalescent ones as function of the coales-
cence parameter. For example, the increase of v, is not always
leading to the larger fragments: Since the excitation is higher
then the bigger hot fragments can decay into smaller peaces
too.

The isospin content of final fragments (in Fig. 9) changes
also in comparison with the primary coalescent clusters (see
Fig. 5). The distributions become more narrow and the ob-
tained isotopes concentrate closer to the stability line. It is
expected since these nuclei have largest binding energies.
Such a behavior is typical after the statistical disintegration,
and it was demonstrated in many previous analysis (see, e.g.,
Ref. [11]).

Figure 10 shows the energy distribution of protons and
light fragments produced after the de-excitation. In compari-
son with Fig. 4 one can see that many protons with low energy
again appear in the system, however, as the de-excitation prod-
uct. By comparing with Fig. 1 we see also that high-energy
protons can appear in the system (G3 case) as a result of
coalescence and de-exciation processes. The energies of large
fragments can be also lower because they are the products of
the decay of even larger clusters which in many cases are
composed from the low-energy nucleons. Still the flowlike
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FIG. 9. Isotope distributions of elements with charges Z = 3, 6,
and 9 after the coalescence (CB) and de-excitation (De). The source
composition, energy, and the coalescent parameter are indicated in
the figure. The baryon generators G2 (a) and G3 (b) are used.

distribution picture with a local maximum remains for G3
generation.

In Fig. 11 we complement this information with the
average kinetic energy per nucleon of these clusters, at dif-
ferent source energies. Figures 11(a) and 11(b) present these
energies after G2 and G3 generators respectively. This char-
acteristic can be measured in experiments and it is often
associated with a flow energy. We see some important differ-
ences in the fragment energies, therefore, it can be used for
the identifications of the initial dynamical nucleon distribu-
tions. In particular, the kinetic energy per nucleon is slightly
decreasing with mass number A in the case of the phase
space generation G2. This is because the coalescent large
fragments are formed predominantly from the slow nucleons
which dominate after this generation (see Fig. 1). While after
the hydrodynamicallike generation G3 the nucleons with a
high energy are enhanced and uniformly distributed in the
space. As aresult, after the cluster formation and its decay, the
fragments from such nucleons have approximately the same
flow energy per nucleon: It is evident that the de-excitation
leads to smaller fragments, however, their velocities depend
on the velocities of the constituent nucleons in the expanded
system.

It is instructive to show how the yield of final intermediate
mass fragments, for example, with Z = 3 can change with the
coalescence parameter v, for various source energies. As we
mentioned, there is an interplay of two effects: The increase of
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FIG. 10. Energy distributions of protons and some light particles
after the coalescence (CB) and the following de-excitation (De). The
source composition, coalescence parameter, and produced species
are indicated in panels (a) and (b). The baryon generators G2 (a) and
G3 (b) are used.

v, leads to large primary coalescent fragments. However, their
internal excitation energies are also becoming larger. There-
fore, as a result of the de-excitation they break-up into smaller
final nuclear species. One can see from Fig. 12 the yield
may have a local maximum at some intermediate parameters:
There is a trend to increase yields of these fragments with v,
in the region of low v, and to decrease the yields at high v,.
Also their production decreases for high source energies. This
is a quite universal behavior of the fragment production and it
is manifested for the both generators.

The production of lightest charged fragments, such as p,
2H, 3H, *He, and *He, dominates in central relativistic heavy-
ion collisions. Therefore, in Figs. 13 and 14 we show how the
corresponding yields depend on the source excitation energy.
For clarity we have selected a large v, which results in big
primary clusters with high internal excitation energy (Fig. 13).
Also we demonstrate a small v, corresponding to very low
excited coalescent clusters (Fig. 14). We show only the results
after G2 generator, since using G3 leads to qualitatively same
conclusions.

As expected, the yield difference between protons and
complex particles with A=2, 3, 4, and 6 becomes larger at
the high source energy, since the system disintegrates into
smaller pieces. This is an obvious consequences of a decrease
in production of primary coalescent clusters with A. However,
at relatively low source excitations, when big primary clusters
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FIG. 11. Average kinetic energies (per nucleon) of fragments
versus their mass number A, after the coalescence and the following
de-excitation of excited clusters. The generators of initial nucleons
G2 (a) and G3 (b) are used. The source composition and energies,
coalescence parameter, and produced species are indicated in panels
(a) and (b).

are still produced, the situation is different. The internal ex-
citation of such clusters is high and the de-excitation results
depend on the binding energies of produced species. For this
reason the yields of “He becomes larger than the *He yields.
This result is quite surprising since in the standard coalescence
picture (i.e., without de-excitation) the yields of large clusters
is always lower than the small ones. And as one see from
the both figures this is true for all reasonable coalescence
parameters under investigation, though it is more pronounced
at large v. when big primary clusters are abundantly produced.
Another interesting result is that the final yield of °Li can be
larger than %He in the sources, at big v.. This is also related to
the slightly larger binding energy in Li. However, this small
effect is lost at small v., since the sources are neutron rich
and the isospin effect dominates by favoring the formation of
neutron rich nuclei. For this reason the comparison of light
cluster yields can help to distinguish the internal excitations
of primary coalescent clusters and find out the production
mechanisms in experiments.

From our experience in multifragmentation reactions, to
clarify the fragment production regularities, it is important
to look at yields of fragments with Z > 3 too. In Fig. 15 we
present the charge yields which can be observed in such ex-
periments. We show again G2 generator calculations since G3
gives qualitatively similar results. As expected for the central
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collisions of high energy the yield drops with Z nearly expo-
nentially. Obviously, the higher energies lead to the smaller
yields of Z > 3. One can conclude from the analysis of this
figure, as well as Fig. 12, that yields of big nuclei can be
the largest one at intermediate v.. Since it provides the best
balance between the size of primary clusters and their inter-
nal excitations leading to the formation of intermediate mass
nuclei. Actually, such yields are very sensitive characteristic
for the many-body reaction process, and it is complementary
to the production of lightest nuclei and protons. Therefore, it
should not be disregarded in the analysis of experimental data.

V. TRANSPORT GENERATION OF PARTICLES AND THE
STATISTICAL BREAK-UP OF COALESCENT CLUSTERS

Now we consider a practical (and popular) way to treat
the relativistic ion collisions with the transport models (see,
e.g., Refs. [2,35-39]). These models are able to describe the
initial dynamical stage of the collisions with production of
many particles including baryons. They are also quite good
in description of the experimental data. As the first step we
have selected the Dubna cascade model (DCM) which was
since long ago on the market and used for analysis of many ex-
periments [2,24,27]. Generally, the transport approach should
be more realistic one than the simulation of initial nucleons
according to the phase space (G2), and the hydrodynami-
callike flow (G3), since it takes into account explicitly the
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FIG. 13. The yields of protons and light charged particles after
G2 generator and the coalescence with de-excitation of hot coales-
cent clusters (CB + De), as function of the source excitation energy.
The coalescence parameter is v, = 0.22¢. The notations for the
source and particles are shown in panels (a) and (b).

scattering and formation of new baryons. However, if we want
to analyze experimental data, then we must take into account
the experimental filter and make the same selection of the
simulated events as in the experiment. Sometimes it is difficult
to do because of the large required statistics. Therefore, the G2
and G3 simulations could be very useful to find the correct
way for extracting physical information from the data.

In Fig. 16 we show the proton transverse momenta pre-
dicted by the DCM in the case of central (the impact parameter
is less than 3 fm) collisions of Au on Au at energies of 250A
and 1000A MeV in the laboratory system. For qualitative com-
parison with our analysis in the previous section we show also
the corresponding results obtained with G2 generator for the
sources with energies of 50A and 200A MeV for the Ay = 400
and Zy = 160 system. These source energies are only slightly
lower than the corresponding center-of-mass energies of the
colliding nuclei. One can see some differences which should
influence the following coalescence process. For example,
DCM produce more protons with very low transverse mo-
menta and the distributions are more broad.

In the DCM case the same procedure was taken for the
coalescence (CB) and de-excitation (SMM) of hot coales-
cence fragments. However, in the Monte Carlo DCM code the
primary nucleons and hyperons can be produced in different
time moments during the whole cascade stage which lasts for
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FIG. 14. The same as in Fig. 13 but for the coalescence parame-
ter v. = 0.07c.

10-30 fm/c. Therefore, in addition to the relative velocity
coalescence criterion we suggest that the baryons should be
close in the coordinate space when this dynamical cascade
stage ends. In particular, all baryons consisting of a cluster
with mass number A should be inside the sphere with radius
of R = RyA'/? from the center of mass of the cluster. We take
Ro = 2 fm, as it is obtained by extracting the freeze-out vol-
ume information in the multifragmentation experiments (see
Refs. [13—-15]), and approximately corresponds to p. density
suggested for G2 and G3 generations (see Sec. III).

We present in Fig. 17 the mass distributions of nuclear
clusters produced after the coalescence of the cascade nu-
cleons (DCM + CB) and after their following de-excitation
(DCM + CB + De) into cold nuclei. As previously we use the
SMM model for the de-excitation description. The regularities
are similar to the ones demonstrated previously for the excited
sources in Figs. 2, 3, 7, and 8. We expect that the quite
big nuclei will be observed in experiments at the collision
energies around 250A MeV, and there is an essential decrease
of their yields with increasing energy up to 1A GeV and to
higher energies.

For the same reaction the transverse momentum distribu-
tions for >H and “He nuclei after both the coalescence and the
cluster de-excitation are shown in Fig. 18. The de-excitation
leads to the essential production of these nuclei with lower
momenta, and to a more steep decrease of spectra with p;.
This trend is more pronounced for large nuclei, therefore, such
nuclei should predominantly have low transverse momenta.
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FIG. 15. Charge yields of light and intermediate mass nuclei af-
ter the coalescence and de-excitation. The nucleon generator, source
composition and energies, and coalescence parameters are indicated
in panels (a) and (b).

By using the full DCM 4 CB + De approach we demon-
strate in Fig. 19 how the charge distributions of the final nuclei
modify depending on the coalescence parameter v. and the
beam energy. As one can see we have qualitatively the same
evolution as was shown in Fig. 15. However, the different
initial nucleon distributions lead to slightly different results:
In the DCM case of the 250A MeV beam energy the yield
of intermediate mass fragments changes very weak with the
coalescence parameter. The vicinity of the generated nucleons
in the velocity and coordinate space after DCM gives a chance
to produce relatively big primary coalescence clusters even at
small v.. In the same time the low excitation energy allows
for surviving big fragments after de-excitation. At large v,
the considerably larger clusters are produced. However, they
are more excited and can decay into small fragments approx-
imately of the same size as at the smaller v.. By increasing
beam energies this effect disappears and we obtain an ex-
pected regular decrease of the charge yields.

The DCM can simulate the production of new baryons,
e.g., hyperons. Previously a good comparison of DCM with
the strangeness production was shown in Refs. [24,27]. There-
fore, the predictions for hypernuclei can be given within
same coalescence and statistical de-excitation mechanisms.
The coalescence and statistical models were generalized for
hyperfragments in Refs. [18,22,26,32,41]. By using this ap-
proach we shown the yields of light hypernuclei in Fig. 20.

064602-11



BOTVINA, BUYUKCIZMECI, AND BLEICHER

PHYSICAL REVIEW C 103, 064602 (2021)

I I I I
97Au+"%"Au DCM

—e— 250A MeV
v 1000A MeV

(a)

102
10°
100
10"

102

103

Ev

104 \ \ \ \

102 A,=400 Z,=160 G2

100 LY § —e—  50A MeV
ey v 200A MeV

.0 2

Yp (per event)

0

10 v (b)
10
102
103

| | | |
0.5 1.0 1.5 2.0
P, (GeV/c)

104
0

5

FIG. 16. Transverse momenta distributions of protons produced
after the dynamical DCM stage in Au+ Au central collisions at
energies of 1000A MeV and 2504 MeV (a), and after the phase space
disintegration of sources (G2) with energies of 2004 MeV and 50A
MeV (b).

We demonstrate some results for the central collisions at
the beam energies of 600A MeV and 1A GeV which are
below the threshold for the hyperon formation in nucleon-
nucleon interaction. At these energies the A hyperons are
produced because of the secondary interactions at the cascade
stage. Actually, the hypernuclei from such subthreshold pro-
cesses are very important since their productions depends on
subtle details of hyperon-nucleon interactions. Besides well
known hydrogen and helium hypernuclei in Fig. 20(a) we
show predictions for exotic neutron-A (NA), proton-A (*Hp),
and neutron-neutron-A (NNA) hypernuclei, which are dis-
cussed in the literature [29,42] to facilitate their experimental
searching.

We believe it would be instructive to justify in experiment
directly the secondary de-excitation of primary coalescent
hyperclusters. For this purpose in Fig. 20(b) we demonstrate
the decay channels leading to the production of iH nuclei
for the 1A GeV energy case. The charged particles can be
easily detected in modern experiments and this correlation
measurement would be important confirmation of the reaction
mechanism.

VI. ANALYSIS OF FOPI EXPERIMENTAL DATA

To confirm the proposed mechanisms we should analyze
experimental data. We have selected the FOPI data on light
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FIG. 17. Calculated distributions of coalescent clusters (after
DCM and coalescence: DCM + CB) and final nuclei (after de-
excitation: DCM + CB + De) in mass number. Beam energies of
central collisions of gold nuclei and the coalescence parameter are
shown in panels (a) and (b).

nuclei produced in central Au+ Au collisions, since they
are the most full and systematic ones in the present time
[34]. There were attempts to analyze it with the coalescence
and statistical prescriptions [4,6]. We should note that these
data are obtained with the selection of the central collisions
with the ERAT criterion [33], which suggests a consider-
able isotropy of the produced particles in the center of mass
system. This isotropy is naturally provided by the G2 and
G3 generations. We have found from the momentum analy-
sis that the DCM calculations are not able to provide such
an isotropy for central events. Because DCM predicts much
more nucleons with low transverse momenta (see, for ex-
ample, the comparison presented in Fig. 16). In principle,
the DCM sample can be improved by drastic increasing the
statistics and by the special selecting the central events which
fulfill the ERAT criterion. That would require much more
Monte Carlo simulations. However, the goal of our present
analysis is to show the consistency of our approach to the
observations. We believe that the simple assumptions exist-
ing in G2 and G3 generations are sufficient for it. Since
they correspond to ones of the possible presentation of the
baryon system after multiple rescatterings, and they fulfill
all conservation laws and isotropy requirements. In this case
we can separate the trends in reproducing the data which
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will follow the baryon interaction inside the diluted excited
clusters.

In Fig. 21 we demonstrate the integrated charge yields ex-
tracted in the FOPI experiment with our calculations including
G2 generation. We consider this kind of generation as the
most adequate one for this case, since it provides very broad
nucleon momentum distributions, as it could be expected in
the case of realistic transport approaches (Fig. 16). For this
analysis we have taken v, = 0.22 ¢ which gives moderate
internal excitations of the primary clusters. As we have noted
previously, this velocity is of the same order as the Fermi
velocity inside nuclei, and provides the excitation energies
around the nucleus binding energy (~10 MeV per nucleon,
see Fig. 6). The total system was taken as having 394 nucleons
with 158 protons (Au 4 Au system). Since the G2 generation
is determined by the source energy we have taken the center of
mass energies corresponding to the beam colliding energies.
The results for the energies of 250A MeV and 400A MeV,
which correspond to the center of mass energies 60A MeV
and 95A MeV are shown. For more high beam energies the
nuclei with Z 2 3 were practically not observed in the ex-
periment. One can see a quite reasonable agreement with the
data in this case. We believe, however, the involvement of
other observables is necessary to get the consistent theory
description.

The instructive information can be obtained by analyzing
the lightest particle yields, as was shown in Figs. 13 and 14.
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FIG. 19. Charge yields of light and intermediate mass nuclei in
central collisions of two gold nuclei obtained after DCM, coales-
cence, and de-excitation calculations. The beam energies and the
coalescence parameters are indicated in panels (a) and (b).

Figure 22 presents yields of p, 2H, *H, *He, and *He versus the
beam energy. Within our approach we reproduce the behavior
of their production as function of the energy. A very interest-
ing experimental feature has no a reasonable explanation up
to now: There is the cross-over of the 3He and *He yields.
At low beam energies *He dominates, while at high energy
we have the standard “coalescence” situation when *He is
more produced than “He. As we have pointed above (Sec. IV),
the enhanced yield of “He at low energies can be naturally
explained as a result of the secondary de-excitation of large
primary coalescent clusters. “He formation is dominating dur-
ing the statistical processes because the binding energy of
“He is essentially larger than 3He. However, at very high
energy the primary coalescent clusters becomes rather small,
therefore, the nuclei of smaller sizes have more chances to be
produced. There were no attempts to explain this experimental
cross-over of helium with previous theories.

Figure 23 shows the average kinetic energies of the pro-
duced nuclei. Our calculations with G2 and G3 generations
do also reproduce it reasonably well. As obvious from the ini-
tial nucleon energy distributions (Fig. 1) G3 provides higher
average energies for big nuclei because a lot of nucleons have
high initial velocity, as a consequence a regular flow profile.
However, to conclude on the nature of the flow we should look
also at the full energy distributions (see Figs. 4 and 10), if
they are available in experiment. We hope, in future, we will
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FIG. 20. Yields of hypernuclei produced in central collisions of
two gold nuclei after DCM, coalescence, and de-excitation calcula-
tions. The panel (a) presents the full yields per event. The yields of
correlated particles (neutrons, proton, deutrons) in channels with the
3 H production are in panel (b). The beam energies are indicated in
panels (a) and (b).

get such data. The result may also depend on the selection of
experimental events, and this can be taken into account within
our approach.

As seen from the analysis of the experimental data we have
obtained the qualitative explanation for the crucial observ-
ables that was not possible to rich consistently in previous
statistical and dynamical analyses of these data: (1) The yield
of all nuclei can be approximately reproduced. Decreasing
the large nuclei (Z > 2) yields with beam energy happened
because of diminishing the size of primary clusters but not
because of increasing the chemical temperature in the system.
(2) The large kinetic energy of nuclei (flow energy) can be nat-
urally explained by the primary kinetic motion of clusters. (3)
The production of *He and *He isotopes and the cross-over of
their yields can be understand as a result of the de-excitation
of large primary clusters and decreasing their sizes with the
beam energy. We have also verified that using DCM generator
does not change this qualitative conclusion. Our consistent
description of all characteristics can be considered as the
confirmation of the mechanism suggested for the production
of complex nuclei in central collisions.
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FIG. 21. Yields of nuclei versus their charge Z. The red stars are
the FOPI experiment [33,34]. The parameters for the calculations
including the nucleon generation in Au + Au source and source en-
ergies, coalescence and statistical de-excitation are shown in panels
(a) and (b).

VII. CONCLUSION

During recent decades there is permanent increasing the
number of experiments measuring nuclear reactions in cen-
tral relativistic nuclear collisions. The yield of light nuclei
is one of the essential observable. There is a reasonable
assumption that this yield should be described by transport
dynamical models if we include a relevant baryon/nucleon
interactions at low energies. However, the modern transport
approaches are designed mainly for the description of high-
energy interactions, including both ions and hadrons ones. A
sophisticated low energy nucleon interaction and other theory
ingredients important for the realistic description of nuclei
(e.g., the calculations of real wave functions, antisymmetriza-
tion, many-body forces, and so on) are usually beyond this
scope because of complexity of this many body problem. For
this reason a phenomenological coalescence approach is often
used to describe the nuclei yields by assuming that the baryons
are combined in the final state. This simple phenomenology
disregards many aspects of low-energy collective interactions
and may lead to wrong conclusions on the clusterization na-
ture. In present our study we try to overcome the problem
by considering neighbor baryons produced after the dynam-
ical stage as clusters at certain subnuclear densities where
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FIG. 22. Yields of lightest nuclei [noted in panels (a) and (b)]
as function of the beam energy in Au + Au collisions. Red symbols
connected with the dashed lines are FOPI experimental data [34].
Black symbols connected with solid lines are our (G2 + CB + De)
calculations with the corresponding center of mass energies for Au +
Au sources.

the baryons are still interacting. This interaction can lead to
the nuclei production and can be described in the statistical
way.

In our approach, as the first step, after generating the initial
baryons and their momenta, we involve the generalized coa-
lescence model (CB) which forms big excited coalescentlike
clusters. In such clusters the baryons move respect each other
and interact by producing final nuclei. As we know the sta-
tistical description of such processes is commonly accepted
for many physical phenomena, for example, in multifragmen-
tation [16,17]. A crucial question is the excitation energy
of such primary clusters. Namely, it determines if the finite
system can be considered as an equilibrated one during the
reaction. At low internal excitations the clusters’ baryons are
together during a long time, therefore, the thermalized con-
ditions are fulfilled. On the contrary, at very high excitations
the baryons should fly away fast, and the equilibrium criterion
can be violated. Remarkably, however, that to explain the
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FIG. 23. Mean kinetic energy (per nucleon) of charged nuclei for
central 250A MeV (a) and 400A MeV (b) of Au + Au collisions.
Experimental data are in red color [34]. The parameters for our
calculations (as in Fig. 21) are noted in panels (a) and (b).

experimental data we should take the internal cluster energy
of around 10 MeV per nucleon. This is close to the nuclear
binding energy, and it is similar to the energy which we have
previously extracted from the analysis of the projectile/target
residue multifragmentation. This fact may tell us that there
are common conditions for establishing equilibrium in finite
nuclear systems.

We note that previously only one equilibrated excited
nuclear source was assumed in the statistical models’ ap-
plications for the description of nuclei production in central
nucleus collisions (see, e.g., Refs. [4,16]). It might be formed
as a results of the full or partial fusion of the colliding
nuclei. Our approach with many such sources (i.e., excited
coalescence clusters) allows for more consistent description
of the reaction. The flow of the produced particles can be
here explained as a dynamical motion of the clusters. The
nuclei of small sizes which dominate at the very high collision
energy can be now explained not as a result of very high
temperatures of one source but also as a result of decreasing
primary sizes of the coalescent clusters. In addition, we obtain
a new physical constraint on the excitation energies of equi-
librated nuclear sources of finite sizes in fast-expanded big
systems.

We have theoretically investigated the main regularities
of such nuclei production, in particular, charge and isotope
yields, their kinetic energies. We have also investigated the
influence of the initial baryon generating stage, which can be
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simulated by dynamical models. We can reasonably explain
the recent FOPI data, however, we need new experimental
data for verifying this approach. In addition to inclusive yields
and energy spectra, the particle correlations and the correlated
yields, which come after decay of primary hot clusters, should
be the adequate observable. This mechanism allows for a
new interpretation of the baryons and nuclei yields, since
the secondary “statistical” interaction can change the baryon
characteristics from the primary “dynamical” ones. As we
found it is certainly expected in the collisions with the beam
energy less than 1 GeV per nucleon. However, the higher
energies are more interesting since they lead to the production
of new particles and nuclei, e.g., hypernuclei. In this case we
can obtain novel information on hyperons interaction at low
energy in matter and new exotic species. Such kind of research
can be possible at the new generation of ion accelerators of
intermediate energies, as FAIR (Darmstadt), NICA (Dubna),
and others. It is promising that new advanced experimental

installations for the fragment detection will be available soon
[43,44].
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