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Abstract. We review some results on energetic particle production in heavy-ion collisions below roughly
100A·MeV, both theoretically and experimentally. We discuss the possible mechanisms of particle produc-
tion, as well as the possibility to gather information on the nuclear equation of state (EOS) from data.
Results on subthreshold pions, energetic photons, nucleons and light charged particles (Z ≤ 2) are dis-
cussed and contrasted to microscopic models. Important information about the first stages of the reaction
are obtained by such probes. At present, we can conclude that we have at least a qualitative understand-
ing of the processes involved when such particles are produced. However, a quantitative determination of
relevant EOS parameters is still missing. The production mechanism close to the kinematical threshold
(incoherent, cooperative or statistical) is not completely elucidated either. This calls for new data using
more modern detector systems and comparison to more refined microscopic models.

PACS. 25.70.-z Low and intermediate energy heavy-ion reactions – 25.75.Dw Particle and resonance
production

1 Introduction

One among the many purposes to collide heavy ions
at beam energies below 100A·MeV is the study of the
nuclear-matter equation of state (EOS) at finite densi-
ties and temperatures. In fact, in such reactions the col-
liding nuclei are compressed and heated up. After some
tens of fm/c, a maximum compression is reached and a
compound system is formed, which then expands and, de-
pending on the excitation energy reached, might break
into many pieces (multi-fragmentation). In such a scenario
there are many factors at play. In the compression stage
the dynamics is ruled by the EOS of the system and by
the viscosity. Thus data sensitive to the early stage such as
energetic protons, neutrons and more complex fragments,
as well as photons and pions, will give valuable informa-
tion and put constraints on these fundamental ingredients
of the nuclear interaction.
In the intermediate-energy regime, different power-

ful detection systems available (MEDEA [1], INDRA [2],
NIMROD [3], CHIMERA [4], TAPS [5]), MINIBALL [6],
MULTICS [7] (see the contribution by de Souza et al. in
this topical issue) allow to study with great accuracy ener-
getic and subthreshold particle emission. The comparison
of experimental data (impact parameter dependence of
particle multiplicity, removed excitation energy, angular
distributions, slopes of energy spectra, . . .) with the pre-
diction of transport models can put constraints on basic
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Fig. 1. BHF calculations of the nuclear-matter EOS including
three-body forces. The binding energy per nucleon is reported
as a function of density [8].

properties of hadronic matter as the in medium Nucleon-
Nucleon (NN) cross-section, nuclear-matter compressibil-
ity, mean-field properties, or the relevance of two-body
versus three-body forces. It has been shown, for exam-
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Fig. 2. BHF calculations. The proton potentials are reported as a function of the proton momenta for two different nuclear-
matter densities.

ple, that the interplay between two- and three-body forces
is very subtle and it turns out that, to fit the ground-
state properties of nuclear matter in non-relativistic mi-
croscopic calculations, it is necessary to introduce a three-
body force [8]. This is demonstrated in fig. 1 for mi-
croscopic Bruckner-Hartree-Fock (BHF) calculations [8]
where the binding energy per nucleon is reported as a
function of the density of nuclear matter at zero temper-
ature. In the figure, the calculations with only two-body
forces are given by the dotted line. The two-body force
is parameterized to fit the NN data. We clearly see that
the approach does not work, in fact it gives a ground-
state density of about 0.3 fm−3 and a binding energy of
about −20MeV, while experimental data correspond to
0.15 fm−3 and −16MeV, respectively (square symbol in
fig. 1). In order to improve the agreement to data, a gen-
uine three-body force was included in the calculations.
The contribution from different channels is displayed in
the figure and the final result is represented by the full line.
The effect is indeed dramatic. The ground-state density is
shifted to 0.19 fm−3 and the binding energy to the exper-
imental value. The three-body force is obtained through
a fit to the binding energies of light nuclei, t and 3He es-
sentially [9], but the one reported in fig. 1 is obtained by
the meson-exchange model of Fujita-Miazawa [8]. In these
nuclear-matter calculations there are no adjusted free pa-
rameters. The fact that calculations are not yet perfect
implies that something is still missing. Some light on this
problem could be shed by experimental data on nucleon
production in heavy-ion collisions. We will show below
that such data do not support the need for a strong three-
body force.

The equation of state discussed so far is at zero tem-
perature. A complete knowledge of the EOS requires, how-
ever, information at finite temperatures. Microscopic cal-
culations performed at finite temperatures show, as ex-
pected, that the EOS of nuclear matter looks like a Van
Der Waals (VDW) EOS. In fact, the NN force has an
attractive tail and a repulsive hard core such as many
classical systems. At variance with classical systems the
ground state is not a solid but a Fermi liquid. However,
other properties such as the liquid-to-gas phase transition

at finite temperatures and small densities, are of the VDW
type [10]. An important feature that makes nuclei differ-
ent from classical systems is the strong momentum de-
pendence of the mean field. Microscopic BHF calculations
give strong indications on how the momentum dependence
force should look like in nuclei and nuclear matter. Typ-
ical results of non-relativistic BHF calculations are given
in fig. 2 where the potential for protons is reported as a
function of the nucleon momentum transfer for two dif-
ferent nuclear-matter densities [8]. Also in this case the
difference between 2- and 3-body forces is large especially
for low momenta and at high densities. Notice the differ-
ence between two- and three-body forces at the two dif-
ferent densities. These features might be revealed through
a careful analysis near the Fermi energy for the first case
and at higher incident energies in the second one.

To study the momentum dependence of the nuclear
mean field we have already many findings coming from
electron scattering [11]. However, in those experiments the
mean field can be only tested at ground-state densities
relevant for the results of fig. 2 left panel. At variance,
in a heavy-ion collision, depending on the beam energy,
higher densities can be explored. The momentum depen-
dence of the force, as well as the compressibility of the
EOS might be inferred, or at least strongly constrained,
by subthreshold production of pions, gamma-rays and en-
ergetic particle emission. Concerning the relevance of NN
collisions and in-medium effects on the NN cross-section,
effects can be seen in proton experiments [12,13].

In this work, we will restrict ourselves to energies be-
low roughly 100A·MeV, where non nucleonic degrees of
freedom (such as ∆ excitation) are not so relevant yet.
This energy region, we believe, carries important informa-
tion on the EOS near the ground-state density and mod-
erate temperature. In fig. 3 the maximum and average
densities estimated by VUU calculations for central col-
lisions as a function of the incident energies are reported
for the 40Ca + 40Ca reaction [14]. The understanding of
nuclear-matter properties at moderate densities is crucial
if we want to understand the EOS at higher densities and
temperatures where other degrees of freedom become rele-
vant. In particular, in our contribution we will not discuss
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Fig. 3. Maximum and average densities as a function of the
bombarding energy per nucleon as estimated by VUU calcula-
tions for central 40Ca + 40Ca reactions [14].

the kaon and η production because they require quite a
different production mechanism with respect to the one
relevant at the lower energies discussed here.

The understanding of the EOS in the region of our
interest has to go step by step with the elaboration of mi-
croscopic models. While some features of the EOS can be
obtained directly from the data, a more quantitative un-
derstanding of nuclear properties must be obtained from
a detailed comparison between models and data. For in-
stance, we expect that energetic photon and pion produc-
tion must be very sensitive to the momentum-dependent
part of the mean field. In fact, assuming incoherent NN
collisions, the final momenta of the colliding nucleons after
producing a pion or a photon are decreased. This results in
a strong (repulsive) mean field which acts against the pro-
duction of the new particle essentially because the collid-
ing nucleons must provide an extra energy to overcome the
repulsive field. Their final momenta are further reduced
and they must not be Pauli blocked, otherwise the colli-
sion is not allowed. Unfortunately, we have not been able
to find in the literature microscopic calculations of sub-
threshold particle production with momentum-dependent
forces in our region of interest. Many calculations exist
for nucleons or more complex particle spectra and as a
general feature a reduction of incoherent NN collisions
has been found with momentum-dependent forces. Com-
parison of yields and slopes of energy spectra of energetic
protons with predictions of transport models that include
a local and a momentum-dependent potential have been
published and will be discussed later in this chapter. If one
extends this result to subthreshold particle production, a
difference of the calculated yield, compared to the results
for momentum-independent forces, is expected. This as-
pect should be carefully (re)analyzed also for π and hard-
photon production.

Most of the microscopic calculations, Boltzmann or
molecular-dynamics–based [14–17] have two main ingre-

dients. One is the mean field which is parameterized to
fit some general results such as electron scattering data,
ground-state properties of nuclei etc. The other feature
is a collision term which is composed of a probability in-
ferred from NN data, and a Pauli blocking which forbids
that particles undergoing an elastic or inelastic scatter-
ing, end up in an occupied state. These two ingredients of
the models are usually uncoupled, while in principle they
should come from the same microscopic interaction. Few
attempts exist to date to calculate these ingredients mi-
croscopically from the same interaction and to implement
them in a transport code (see the contribution by Fuchs
and Wolter, Modelization of the EOS, this topical issue).
In most calculations the phenomenological approach un-
derlined above is used, and one tries to put constraints
from a comparison to data. The problem is that most of-
ten data are sensitive to both ingredients and it is not easy
to disentangle them. However, a systematic comparison of
the models to the data should give some constraints on
the mean field and the collision term which are included
in the calculations.
It is important to stress that in this approach the de-

termination of physical parameters completely relies on
the comparison with a transport code, i.e. it is fully model
dependent. It is, therefore, essential that the different dy-
namical models and their different numerical implemen-
tations within the same parameter set, give compatible
results for the observables. The detailed comparison be-
tween different codes is an important part of the WCI
initiative [18], and tends to show that ambiguities exist
among numerical codes, which should be solved before any
physical conclusion can be obtained.
Apart from constraining EOS parameters, the interest

in studying particle production also relies in the under-
standing of the production mechanism itself. As we will
show in great detail in the following, there are three types
of observations:

– particles with an energy much greater than the beam
energy in the center of mass. These particles are most
likely emitted in cooperative processes that require the
collaboration of many nucleons;

– particles with an energy around the beam energy in the
center of mass. These particles are presumably created
via incoherent processes at the beginning of the reac-
tion when beam particles have still their initial energy;

– particles with an energy much lower than the beam en-
ergy in the center of mass. These particles test presum-
ably the late stage of the interaction and may reflect
the temperature of the (sub)system.

If this general classification is well established, the transi-
tion between the different mechanisms and their detailed
modelization are not yet clear and depend on the particle
type. For this reason, we have chosen to review particle
production according to the particle type.
In the next sections we will discuss some relevant fea-

tures of data and comparison to models. Indeed, probes of
the different stages of the reaction are necessary to achieve
a complete picture of the reaction dynamics and to gather
information about the EOS of nuclear matter. Energetic
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Fig. 4. Gamma multiplicity spectrum for incomplete-fusion
reactions in 36Ar + 98Mo reactions at 37A·MeV. The contin-
uous line indicates the exponential fit of the hard component
(Eγ ≥ 35MeV).

particles like protons, neutrons, pions, and gamma-rays
were originally proposed to characterize the initial stage
of the reaction. It is clear that energetic photons can do
that since their mean free path in nuclear matter is very
long, thus once they are produced, they are not scattered
again. This is similar for kaons. We have to cite an early
experiment at Ganil at 94A·MeV where kaons were de-
tected [19]. Since then no further data at that energy
regime has been discussed, but we believe we have nowa-
days very performing detectors which could study kaons
produced in heavy-ion collisions at around 100A·MeV.
The potential interest of kaons will be clearer after dis-
cussing nucleons, pions and hard photons.

2 Hard-photon production

The spectrum of photons emitted in heavy-ion collisions
at intermediate energies carries much information on the
system evolution from the very early stage of the collision
to the late phase at the end of the de-excitation process.
Hard photons are particularly appealing probes, since they
do not interact again with the surrounding nuclear matter
after the production and, therefore, might also provide in-
formation on the nuclear-dynamics chronology at various
stages of the reaction. A very good review of hard-photon
production is given by ref. [14], where the possibility of
exploiting energetic particles as probes of the first stages
of the reaction is deeply investigated.
A typical spectrum of photons emitted in heavy-ion

collisions at intermediate energies is reported in fig. 4
for the reaction 36Ar + 98Mo at 37A·MeV [20]. As a first
rough classification we can divide the spectrum in three
main regions with increasing energies:

– in the energy range from some hundreds of keV to
approximately 10MeV the spectrum is dominated by

Fig. 5. Emission probability of photons with Eγ ≥ 30MeV for
in-medium NN collisions as a function of the incident energy
per nucleon. Vc is the Coulomb barrier [49].

the statistical emission from excited nuclei occurring
at the end of the de-excitation process;

– in the energy range between roughly 10MeV and
20MeV a bump due to the γ decay of the giant dipole
resonance (GDR), which is a major isovector collective
mode in nuclei, can be observed [21,22]. The γ decay of
the GDR has been extensively investigated also in hot
nuclei in order to gather information on the maximum
temperature that a nucleus can hold [23]. This subject
is covered in the contribution Evolution of the Giant
Dipole Resonance properties with excitation energy by
Santonocito and Blumenfeld in this topical issue;

– in the energy range beyond 30MeV the spectrum is
characterized by a large inverse slope parameter in-
creasing with energy and by a yield that, for a given
incident energy per nucleon, increases with the size
of the colliding nuclei. These high-energy gamma-rays
(Eγ ≥ 30MeV) are the so-called hard photons, and are
the subject of this part of our review. Their production
has been deeply investigated. The main results will be
reported in the following with the current understand-
ing of the hard-photon emission and open problems
which still need further investigations.

The first experimental observation of an unexpected
hard component in the photon spectrum emitted during
nucleus-nucleus collisions was found in the 12C+ 12C reac-
tion at 84A·MeV. This experiment aimed at the study of
subthreshold neutral pions π0’s, which decay by the emis-
sion of two energetic photons, hard photons representing
a background [24]. The analysis of these first data [25]
revealed many interesting features from both the exper-
imental and theoretical point of view. Indeed, in spite
of the very low hard-photon cross-section, several (inclu-
sive) experiments followed with various projectile-target
combinations on a rather broad energy range between
10A·MeV [26] and 124A·MeV [27]. Indeed hard photons
are expected to be a good probe up to 90A·MeV, since at



A. Bonasera et al.: High-energy probes 51

higher incident energies the contributions of the π0 decay
cannot be neglected (see fig. 5 and fig. 10).
Inclusive experiments yield information about hard-

photon cross-sections, inverse-slope parameters, angular
distributions and source velocities. From a theoretical
point of view, the question about the origin, i.e. the pro-
duction mechanisms, of hard-photon emission was also
faced and the proposed solutions can be summarized as
follows:

– nucleus-nucleus collective bremsstrahlung [28–30]
where photons are emitted as a consequence of the co-
herent deceleration of the electric field of the two col-
liding nuclei. The photon yield strongly increases with
increasing energy and the spectrum slope depends on
the deceleration time;

– incoherent bremsstrahlung as a consequence of NN ,
in particular n-p, collisions occurring in the interac-
tion region in the first stages of the reaction [31,32],
as radiation due to proton deceleration. Several pre-
scriptions have been used for the np-npγ cross-section
such as the semi-classical one [33], the neutral scalar
meson exchange model, and others [34,35]. If these pre-
scriptions are sometimes contradictory, the situation is
presently largely clarified after the results of recent ex-
periments which studied the proton-induced reactions
at 190MeV on a liquid-hydrogen target [36]. In this
experiments high p-p bremsstrahlung data have been
obtained. Moreover, studies on a deuterium target [37,
38] have allowed to investigate all the channels lead-
ing to gamma bremsstrahlung, including the coherent
bremsstrahlung contribution;

– statistical emission either from a compound-like emis-
sion [39] or from a “fireball”-like system [40], where
the spectrum slope should reflect the temperature of
the emitting source;

– cooperative effects where several nucleons group to-
gether into virtual clusters which provide the extra
energy for the hard-photon production [41].

The inclusive data systematics gave evidence of a
source velocity close to half the beam velocities and an
angular emission pattern consistent with an isotropic plus
a dipole-like emission in the source reference frame [14].
These results are consistent with the n-p bremsstrahlung
mechanism as a dominant process in the hard-photon
emission in heavy-ion collisions at intermediate energy.
The absolute yield is however much larger than expected
from free n-p collisions, and this difference strongly in-
creases with decreasing beam energy. For this reason, hard
photons are considered as “subthreshold particles” using
the same definition that applies for mesons produced at an
incident energy per nucleon lower than the energy thresh-
old for free NN collision. This feature has been success-
fully explained in terms of the Fermi boost provided by
in-medium nucleon-nucleon collisions (see fig. 5).
Alternative approaches have also been proposed. In

particular, some results have been rather well repro-
duced by a statistical approach, i.e. the experiments
92Mo+ 92Mo at 19A·MeV [39] and N + (C,Zn,Pb) at 20,

30 and 40A·MeV [42]. However, it is important to mention
that hard-photon angular distributions in asymmetric sys-
tems [43,44] are consistent with a source velocity close to
half the beam velocity with the presence of a dipole com-
ponent, rather than to the compound nucleus velocity.
The unique result indicating evidences of coher-

ent bremsstrahlung [45] was not confirmed. Any-
way, the expected yield for collective nucleus-nucleus
bremsstrahlung [29] is much lower than the observed ones.
Dynamical calculations indicate that at most 10% of the
observed hard-photon (Eγ ≥ 50MeV) [31] cross-section
is consistent with nucleus-nucleus bremsstrahlung, while
the dominant part of the total yield is due to first chance
n-p collisions. It is important to note, however, that inclu-
sive data are also consistent with n-p bremsstrahlung in a
nuclear fireball.
In order to disentangle the different hypotheses con-

cerning the origin of the hard-photon emission and to get
a deeper insight on the phenomenon, exclusive measure-
ments were necessary. A first group of measurements faced
the issue of the impact parameter dependence of the hard-
photon production. The first experiments indicated that
the hard-photon multiplicity increases with increasing re-
action centrality and the slope slightly decreases with in-
creasing impact parameter [42,46–48]. These experimental
facts are, unfortunately, again well accounted for by dif-
ferent theoretical models. In the fireball model [40], the
hard-photon multiplicity scales with the volume of the in-
teraction zone, which increases with increasing central-
ity. In dynamical calculations like BUU [31], where hard
photons (Eγ ≥ 50MeV) are mostly emitted as a conse-
quence of first n-p collisions, a hard-photon multiplicity
dependence on the overlap of target and projectile nuclei
is found consistent with emission in the first stages of the
reaction [31]. Moreover, in dynamical calculations, the de-
creasing of the slope with increasing impact parameter is
interpreted as due to the fact that nucleons with softer
momentum are mostly located at the nuclear surface.
The quality of exclusive data was strongly boosted by

the high efficiency of two multidetector apparatuses for
hard photons, MEDEA, by which hard photons and light
charged particles can be detected simultaneously [1], and
TAPS [5]. In particular, the dependence of hard-photon
multiplicity Mγ on the impact parameter b was inves-
tigated quantitatively. In models based on n-p brems-
strahlung, the hard-photon multiplicity scales with the
number of n-p collisions (Nnp) and therefore with the size
of the interaction zone (Apart):

Mγ(b) = Pγ ·Nnp(b) ∝ Pγ ·Apart(b).

Here Pγ is the probability of emitting a hard photon in
a single n-p collision (p-p collisions are not considered since
they provide a much smaller contribution ≤ 10%) at a
given incident energy for a heavy-ion reaction. This prob-
ability is usually extracted from inclusive data (see [49]
for systematics) within the approximation that Pγ in nu-
clei only depends on the incident energy per nucleon. Sev-
eral experiments [50–52] were run and compared with the
results of dynamical models based on a transport equa-
tion to simulate nucleus-nucleus collisions, whereby the
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Fig. 6. Gamma-ray multiplicity for Eγ ≥ 40MeV (left top panel) and for Eγ ≥ 25MeV (right top panel) and inverse-slope
parameters (bottom panels) as a function of the centrality for the reaction Xe + Au at 44A·MeV (solid squares in the left
panels, ref. [51]) and for the reaction Ar + Gd at 44A·MeV (open symbols in the right panels, ref. [50]). In the left panels, for
comparison, BNV calculations are reported (open symbols) while the continuous line is calculated assuming Mγ proportional to
the surface of the overlap zone and the dashed line is calculated assuming Mγ proportional to the volume of the overlap zone.
In the right panels VUU simulations are reported (full lines, dashed lines are the uncertainties).

hard-photon production is treated in a perturbative way.
In fig. 6 the measured and calculated Mγ and inverse-
slope parameters as a function of the estimated impact
parameters are reported for two different reactions mea-
sured with two different apparatuses. In general, a rather
good qualitative agreement between the measured and
calculated hard-photon multiplicity for several reactions
is observed. Moreover, the γ-ray multiplicity appears to
scale with the surface of the overlap region in the reaction
129Xe + 197Au at 44A·MeV (see fig. 6 top left panel). For
the same reaction a good agreement with BNV calculation
was found [51]. These results provide a further support for
the models based on n-p bremsstrahlung. Similar informa-
tion was gathered from inclusive data varying the size of
the colliding nuclei. Eventually, these experimental data
provide a measurement of the spatial origin of the hard
photons from the interaction zone. It is important to un-
derline the fact that the hard-photon multiplicity scales
linearly with the participant region, does not necessarily
imply that a fireball is formed as an independent source,
but, especially around the Fermi energy, rather provides
a snapshot of the interaction zone in the early stage of
the reaction. For this reason the hard-photon multiplicity
can also be used as a quantitative measure of the impact
parameter in heavy-ion collisions.

This large set of data, although consistent with BUU
calculations, cannot rule out a fireball scenario espe-
cially at the higher incident energies. For this reason,
a deeper insight into hard-photon production was at-
tempted by looking at hard-photon–particle correlations
and hard two-photon correlations. In calculations in which

hard photons mainly arise from first chance n-p collisions,
if the photon and proton energies are high enough, an
anticorrelation is expected due to the kinematical limit
imposed on the total proton and gamma-ray energy in
the bremsstrahlung process. In the reaction 14N+ Zn at
40A·MeV the gamma-ray proton coincident ratio was
found to be independent of proton energy for Eγ ≥

20MeV, thus suggesting that high-energy photon pro-
duction, for Eγ ≥ 20MeV, may arise in part from n-p
bremsstrahlumg in a later stage of the collision [53].
On the other hand, high-statistics data on the reaction
40Ar + 51V at 44A·MeV [54] were also analyzed. These
data show that, while hard photons with Eγ ≥ 25MeV
exhibit a slight anticorrelation constant with increasing
energy, the very energetic photons, namely with Eγ ≥

70MeV, exhibit a much stronger anticorrelation increas-
ing with increasing proton energy as expected in a first
chance n-p bremsstrahlung scenario. This result, which
confirms the expectations of dynamical models (see [14]),
provide an experimental evidence of the hypothesis that
very energetic photons are mostly produced in the early
stage of the reaction. This signature qualifies high-energy
photons (as well as protons) as probes of the momentum
and energy distributions of the nucleons in the early stages
of heavy-ion collisions. Hard two-photon correlations were
investigated in different systems, and the results reported
in refs. [55,56] also support the idea that hard photons
originate from an early stage of the reaction.

Besides the understanding of the production mecha-
nism, the study of the hard-photon emission allows to
use them as probes of the nuclear matter. In particular,
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due to the nature of the electromagnetic radiation, they
can carry unperturbed information on the nuclear matter
at the moment of their production and are not affected
by subsequent stages of the reaction. Information on nu-
clear dynamics, on the contribution of the mean field and
two-body collisions in dissipative heavy-ion reactions, and
a time scale for multifragmentation have been deduced
by detailed investigation of the hard-photon emission in
heavy-ion collisions at intermediate energy and the main
results are reviewed in the following.

In collisions around the Fermi energy, the nuclear dy-
namics is governed by the interplay between one- and two-
body dissipation, namely between the mean-field and NN
collisions. At energies around and above the Fermi en-
ergy (about 35MeV) the role of NN collisions increases
with increasing incident energy due to a reduced contri-
bution of the Pauli blocking, which inhibits NN collisions
at low energy. Two different experiments addressed the
problem of one- and two-body dissipation mechanisms at
intermediate energy via the study of hard-photon emis-
sion in peripheral and central reaction, respectively. Hard
photons were measured in coincidence with projectile-like
fragments in the reaction 36Ar + 159Tb at 44A·MeV in
the peripheral events [57]. The hard-photon multiplicity,
which scales with the number of n-p collisions, as discussed
above, and therefore represent a measure of two-body dis-
sipation, was measured as a function of the mass of the
primary projectile-like mass and was found to increase lin-
early with the transferred mass, showing the importance
of two-body collisions. Moreover, the multiplicity value de-
pends on the direction of transfer. Indeed more collisions
are needed to transfer mass from the heavier target than
viceversa; this effect is understood in terms of the action
of the mean field that favors nucleon transfer from the
lighter to the heavier partner of the collision. A comple-
mentary study for central collisions leading to incomplete-
fusion residues was reported in ref. [58]. In this case, hard
photons (Eγ ≥ 35MeV) were measured in coincidence
with heavy residues emitted in the reactions 36Ar + 90Zr
at 27A·MeV and 36Ar + 98Mo at 37A·MeV. In this inci-
dent energy regime, central and semi-central collisions lead
to incomplete fusion and this process is usually described
by the Viola systematics that shows a decrease of the mo-
mentum transfer as a function of the incident energy [59].
In the two 36Ar-induced reactions cited above, the ratio
between the residue velocity and the center-of-mass ve-
locity (vr/vcm) was measured as a function of the reduced
impact parameter (b/bmax) given by the hard-photon mul-
tiplicity. A strong correlation is found between vr/vcm and
b/bmax. Most remarkable, data coincide for both incident
energies. This indicates that the fraction of linear momen-
tum transfer for events giving rise to a residue depends
only on the impact parameter and not on the bombarding
energy. This demonstrates the role of two-body collisions
in the transfer process leading to the production of highly
excited nuclei. In conclusion, the hard-photon detection
has played an important role in elucidating the interplay
between mean-field and NN collisions around the Fermi
energy both in peripheral and central collision, leading re-

spectively to projectile-like fragments (PLFs) and heavy
residues.
High-energy photons do not only probe the first stage

of the collision. A contribution from a second, less ener-
getic, photon source emitted in a later phase of the re-
action was put in evidence in several reactions at various
incident beam energies. The feature of this so-called “ther-
malized” hard-photon component and its consistency with
statistical and dynamical model calculations are discussed
in the following.
Hard photons (Eγ ≥ 30MeV) were measured in the re-

actions induced by an 36Ar beam at 95A·MeV on 197Au
and 12C. It is important to note that in this case the inci-
dent energy per nucleon is well above the free NN thresh-
old for the production of photons with Eγ ≥ 30MeV. It
was shown [54] that while very energetic photons originate
from the first phase of the reaction, the bulk of photons
(Eγ ≥ 30MeV) is produced over a longer time span and
could probe if the phase that leads to the thermalization
of the fireball is formed in the reaction [60]. From an ex-
perimental point of view, the very good statistics hard-
photon measurements with the MEDEA [1] and TAPS [5]
detectors demonstrate that a good description of hard-
photon spectra is obtained with the superposition of two
components with different slopes and yields1. Moreover,
hard two-photon interferometry measurements in the re-
actions 86Kr + natNi at 60A·MeV and 181Ta + 197Au at
39.5A·MeV are well described within the hypothesis of
two different sources [61]. The softer component has been
associated with photon emission in a later stage of the re-
action. In BUU calculations, besides the dominant hard-
photon contribution produced by n-p bremsstrahlung dur-
ing the compression phase at the early stage of the reac-
tion (“direct” photons), “thermal” hard photons are also
emitted in a later stage from less energetic n-p collisions
inside a thermalized source during the resilience of the sys-
tem after the expansion phase. Experimentally, inclusive
and exclusive photon spectra consistent with a “thermal”
and a “direct” component were measured in the reactions
86Kr + natNi at 60A·MeV, 181Ta + 197Au at 39.5A·MeV,
208Pb + 197Au at 29.5A·MeV [62] and in the reactions
36Ar + 197Au, 107Ag, 58Ni and 12C at 60A·MeV [63]
and in the reactions 58Ni + 27Al, 58Ni and 197Au at
30A·MeV [64] and 58Ni + 197Au at 45A·MeV [65–67].
An appealing aspect of thermal photons is that their

emission signals that a big piece of nuclear matter still
exists at the end of the dynamical evolution of the colli-
sion, and their slopes can be related to the temperature
of such a system. This can be exploited to get informa-
tion on other processes using thermal photons as a probe.
For instance, the nuclear caloric curve has been investi-
gated using thermal photons as a new “thermometer” for
hot nuclear matter [68]. Moreover, thermal photons have
been used as a “clock” to deduce the time scale of in-
termediate mass fragment (IMF) emission. Studying the

1 However, we would like to notice that the change in slope
of the photon yield could be also affected by the 1/Eγ factor
which enters the elementary np-npγ bremsstrahlung probabil-
ity [15].
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Fig. 7. Experimental photon-IMF correlation factor versus the
threshold Eγ for IMFs in the velocity window near the center-
of-mass velocity. Data are shown for the Ni + Au reaction at
45A·MeV for central collisions.

thermal photon-IMF correlations, an anticorrelation sig-
nal with IMFs in the nucleus-nucleus center-of-mass veloc-
ity region has been observed in central Ni + Au collisions
at 45A·MeV (fig. 7) [66], while the same has not been
seen in the data for the same system at 30A·MeV [67].
This indicates that around 45A·MeV a transition occurs
from late to prompt IMF emission, where “prompt” has to
be interpreted as faster than the emission time associated
with thermal photons. Stochastic mean-field simulations
performed for these two reactions are consistent with the
data. At 30A·MeV for most of the events the system, after
the initial compression and expansion, recombines leading
to the formation of an heavy excited system with Z ≈ 80.
On the other hand, at 45A·MeV a dominant role of a
prompt IMF formation is observed [65,66].

The last part of the γ-yield concerns the very high-
energy part of the spectrum. Deep sub-threshold particles,
with respect to the kinematical limit expected for NN col-
lisions including the boost due to the Fermi motion, are
observed on a broad range of incident energies addressing
the question of which mechanism allows to concentrate
such a relevant fraction of the total available energy in
the production of a single energetic or massive “particle”.
Several hypotheses have been considered such as nucleon
off-shell effects, three-body collisions, dynamical fluctua-
tions or multi-step processes involving pion and ∆’s.

High-statistics data exhibit the presence of hard pho-
tons with energy well above the kinematical limit for
NN collisions. In the reactions 86Kr + natNi at 60A·MeV
and 181Ta + 197Au at 40A·MeV [69], hard-photon spectra,
with energy extending up to 5 times the beam energy per
nucleon, were measured. The data were compared with a
cascade model which takes into account several channels
(see fig. 8) including the radiative channel π+N → N+γ.
The calculations are in good agreement with the data for
the reaction 181Ta + 197Au at 40A·MeV, while undershoot
the data of the reaction 86Kr + natNi at 60A·MeV, both
concerning the highest-energy component of the photon
spectrum and slope and yield of the π0 energy spectrum.
In summary, theoretical calculations, in spite of the many

Fig. 8. Measured photon spectrum (full symbols) in the reac-
tion 86Kr + natNi at 60A·MeV (left panel) and 181Ta + 197Au
at 40A·MeV (right panel) after subtraction of the cosmic-ray
contribution (open symbols). The solid line represents calcula-
tions. In the lower part, the calculated spectrum is decom-
posed into fractions corresponding to the following mecha-
nisms: pn→ pnγ, πN → Nγ, π0 → γγ, ∆→ Nγ [69].

hypotheses proposed, are not satisfactory in explaining
deep subthreshold data and a more detailed comparison
between data and models is desirable. We will come back
to the problem of deep subthreshold particle production
in the next section, devoted to pions.

3 Subthreshold pion production

Pions (and nucleons), at variance with photons, after be-
ing produced, can interact with nuclear matter again and
be scattered and/or reabsorbed. These multiple interac-
tions of pions with the surrounding matter explain the
early success of statistical models [70–72]. On the other
hand, rescatterings lead to ambiguities in transport ap-
proaches where pion production is calculated perturba-
tively, similarly to hard photons. This method is in prin-
ciple not applicable because pion dynamics should be fol-
lowed microscopically. What is generally done in the lit-
erature is to correct the results with an absorption factor
expressed in terms of a pion mean free path, and in turn
obtain a value for the mean free path for each experi-
mental condition [14–16,73,74]. For this procedure to be
fully consistent, the other parameters entering the calcu-
lation should be fixed from independent observables, for
instance, photon production in the same reaction. Unfor-
tunately, this is rarely reported in the literature we are
aware of.
Keeping this problem in mind, in this section we would

like to review some of the experimental data on pion pro-
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Fig. 9. Ratio R of π− to π+ cross-section in Ne + NaF at
different incident energies as a function of the pion energy in
the projectile frame. The solid curve shows the Coulomb energy
as described in the text [75].

duction at energies ranging from the absolute kinematical
threshold to about 100A·MeV. An abundant literature on
higher energies exists, which is however outside the scope
of this work.
First data on pion production at subthreshold ener-

gies (corresponding to a beam energy per particle in the
laboratory below twice the pion mass) were obtained by
Benenson et al. at LBL above 100A·MeV [75] and sub-
sequently at much lower beam energies, 16O+Al, Ni at
25A·MeV [76]. The latter result was somehow surprising,
at that time, because one would estimate a higher thresh-
old for pion production around 50A·MeV by coupling the
relative to the Fermi motion in first-chance NN collisions.
In the work of Benenson et al. the ratio of π+/π−, reported
in fig. 9, was measured and successfully explained in terms
of a statistical model which invoked the ratios of the ab-
sorption cross-sections and a Coulomb shift (see the full
line in fig. 9) [72].
A collection of available data was analyzed in terms of

probability of elementary NN collisions folded with the
number of possible collisions in a nucleus-nucleus inter-
action. This gave a scaling approximation similar to the
one reported for photon production, which is displayed in
fig. 10 [46,49]. This scaling shows that at least the gross
features could be understood in terms of single NN colli-
sions. Below, we will show that this mechanism is however
insufficient to explain data very close to the kinematical
threshold.
To enter more in detail into the microscopic calcula-

tions, we briefly recall how pion production is simulated in
kinetic models. This is very similar to photon production
discussed above, i.e. for each elementary NN collision the
production probability is calculated perturbatively. This
means that for each elementary collision a pion of a given
charge (charge conservation enforced) and energy is pro-
duced according to an emission probability extracted from

Fig. 10. Emission probability of neutral pions for in-medium
NN collisions as a function of the incident energy per nucleon.
Vc is the Coulomb barrier [14].

a parametrization of the free NN → NNπ cross-section.
This cross-section is dominated by the excitation of a ∆-
resonance as a doorway state. The underlying hypothesis
is the neglect of the finite ∆ lifetime. The emission angles
are randomly chosen and the final momenta of the nucle-
ons are calculated to conserve total energy and momentum
in the collision. The obtained probability is multiplied by
the Pauli-blocking factors (1− f) · (1− f) for each chosen
emission angles of the pion (and averaged over the dif-
ferent emission angles). This approach has been used by
many authors [14–16], but one different idea was proposed
by W. Bauer in ref. [73]. There it was assumed that pi-
ons may be produced through a ∆-resonance whose decay
would be hindered by the blocking effect of the Fermi sea.
The crucial point for this scenario is to get some informa-
tion on the mean field seen by ∆’s. In fact, if ∆’s see a
strong repulsive mean field, their formation will not be fa-
vored and the process discussed above will be unphysical.
Gathering some information about the properties of the
mean field seen by the ∆ at moderate densities and tem-
peratures could be possible through a careful experimental
and theoretical analysis of pion and photon production in
the nucleus-nucleus collisions. This would call for a second
campaign of coincidence experiments with more perform-
ing detectors to study the ∆ propagation in the medium
supported by a deep theoretical analysis with more recent
and refined models that are now available. Since in the
world there are many laboratories able to deliver beams
of high quality at the energies of interest and there are
very good and performing detectors that with small mod-
ifications could be suitable to study the type of physics
discussed here, there is no need for large financial efforts
and to leave the field not fully explored would be a real
pity. But in order to disentangle the main features we have
understood so far and the questions still not answered, we
will go in more detail into the results that have been ob-
tained.
In terms of microscopic models, the first ingredient

to be considered is the ground-state momentum distribu-
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tion. In the first codes this distribution was given within
a degenerate Thomas-Fermi approximation, i.e. for each
local density a Fermi momentum was calculated and the
particles (usually test particles in a Boltzmann transport
equation) randomly distributed as a step function with
the corresponding local Fermi momentum. This approach
lacks self-consistency and the high-momentum tail of the
distribution is neglected [14–16]. More recent approaches
such as Fermionic molecular dynamics (FMD) [77], anti-
symmetrized molecular dynamics (AMD) [78], constrained
molecular dynamics (CoMD) [79] and more recent Vlasov
approaches [80,81] calculate in a self-consistent way the
ground state used for the time evolution of the collisions.
However, detailed calculations for pion production within
the framework of those more refined models are not avail-
able to our knowledge.

In the old calculations a large dependence of the pion
production on the Fermi momenta was observed. We no-
tice in passing that if the nuclear ground state is not ob-
tained self-consistently, one can change the Fermi energy
by modifying slightly the surface term or the momentum-
dependent part of the potential (or some parameters of
the Gaussian or delta test particles) keeping the nuclear
binding energy unmodified. Changing the Fermi energy
will change the pion distributions by orders of magni-
tude [15]. The use of a realistic correlated ground-state
momentum distribution fitted from electron scattering ex-
periments [14] naturally allows to increase the maximal
Fermi boost, and consequently decrease the threshold en-
ergy for pions and all other subthreshold particles. It is,
however, worth mentioning that, from a numerical point of
view, the particle production rate is not entirely trustable
in this approach. Indeed, due to the semiclassical nature of
the simulation, test particles initialized in the high-energy
tails are not Pauli blocked and may lead to a spurious pro-
duction of particles already in the ground state. Because
of this ambiguity, the question whether energetic parti-
cles are produced in incoherent NN encounters or not is
not completely solved. Recent data on proton production
as a function of the number of participant nucleons [13]
clearly demonstrate that cooperative processes have to be
invoked when detecting protons whose energies are close
to the NN kinematical limit. Similar exclusive data at
the energies of interest here and for pion production are
unfortunately not available to our knowledge. This kind
of data would provide more precise information on the
type of mechanism responsible for pion and more general
particle production near the kinematical threshold. Fur-
thermore, they will give a more stringent test to the more
refined models available nowadays.

As discussed in the introduction, one of the main mo-
tivations in studying energetic particle production is the
possible sensitivity to the characteristics of the nuclear
EOS properties and in-medium cross-sections. Informa-
tion on these issues coming from pion production is dis-
cussed below. The nucleon-nucleon cross-section appears
in transport models in the collision term. Most calcula-
tions include a two-body collision term which takes into
account, in a semiclassical way, the effect of Pauli block-

ing. However, when the density and temperature of the
system increase Pauli blocking relaxes and the dilute-gas
approximation which is the basis of the Boltzmann colli-
sion term is no longer valid. Attempts have been made to
include three-body collisions [82–84] to calculate not only
particle production and collective effects [83] but also more
complex particle production [84].

It is important to notice that the 3-body collision term
is not unique and its expression depends on the adopted
approximation scheme [82–84]. In [82,84] a 3-body colli-
sion can happen if the particles did not undergo a 2-body
collision while in [83] the probabilities for two- and three-
body collisions are calculated independently. This latter
assumption leads to a decrease of the particle mean free
path while the previous one does not necessarily. The
two approaches give different values for physical observ-
ables such as collective flow under fixed conditions for the
other parameters, i.e. same elementary NN cross-section
and similar mean fields. To discriminate between differ-
ent treatments, codes should be confronted with analytical
solutions accessible in model cases [83], and independent
observables sensitive to the nucleon mean free path such
as nuclear stopping, should be systematically compared
to experimental data. In any case, when three-body col-
lisions are included energetic particles are produced with
higher probability as compared to the two-body case and
with higher energy [15].

Another important physical ingredient is the nuclear
mean field. Many calculations have shown a modest sen-
sitivity to the compressibility of the EOS for pion and
photon production. This has been explored especially for
momentum-independent interactions. Of course, it is well
known that the mean field is momentum dependent (fig. 2)
thus models should take into account this feature also for
particle production. When the momenta of two (or three)
colliding nucleons change because of the scattering, the
field changes as well because of its momentum dependence.
What one does in practical calculations is to modify the
momenta of the particles in such a way that the total en-
ergy is conserved. If this is not possible the collision is
rejected. This generally results in a reduced number of
NN collisions and possibly in a global transparency effect
as compared to calculations with momentum-independent
forces. The role of the momentum-dependent force should
be further investigated when a particle, a pion or a pho-
ton is produced. In such a case the final momenta of the
nucleons are further reduced because some energy and
momentum is carried away from the produced particles.
Thus, on top of the Pauli-blocking effect one should con-
sider the effect of the momentum-dependent mean field
which being usually repulsive will result in a need for
more energy to produce a particle and in turn to a re-
duction of its formation probability. No microscopic mod-
els with momentum-dependent forces that calculate sub-
threshold particle production are available to our knowl-
edge. Some exist at higher energies where the calculations
are non-perturbative [85] and a sensitivity to the EOS is
demonstrated. Even in the perturbative regime, calcula-
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Fig. 11. Comparison between the “indirect” channel (π0-p)
invariant-mass distribution A(minv) (upper panel), extracted
from a best-fit procedure, and ∆ mass distribution (lower
panel) predicted by the BNV theoretical calculation for the
same system at the same bombarding energy [86].

tions should be feasible nowadays with the more perform-
ing computers.
For the particular case of pion production, if the pro-

cess occurs through ∆ formation and if the ∆ cannot de-
cay because of the Pauli principle until it is in vacuum
(or in a low-density and high-temperature region), one
could try to study the properties of the mean field seen
by the ∆. Some experimental data on ∆ production in
nucleus-nucleus collisions at energy below 100A·MeV have
been discussed in [86,87] and investigated in BNV calcula-
tions (see fig. 11). Data show that the ∆ width is reduced
from its free value to about 25–50MeV. Naively this would
indicate that the∆ lifetime in matter is increased to about
10 fm/c which could be a sufficient time to say that the
delta does not decay before the nuclei disassemble. On the
other hand, the width of the resonance is roughly repro-
duced in the BNV calculation as due to the folding of the
delta width in vacuum and energy conservation (or Pauli
blocking) that blocks the higher-momentum part of the
pion distribution. The model has the features discussed
above, i.e. momentum-independent mean field, Fermi-gas
approximation for the initial distribution and two-body
collisions only. A more refined approach and more data
for other systems at different energies would be needed to
study the dynamics of ∆’s in moderately excited nuclear
matter.

4 Energetic light-particle emission

Together with pions and hard photons, energetic nucleons
are a powerful probe to get information on the initially

compressed nuclear phase and on the following dynam-
ics, because their emission drives the system towards an
expanded and more thermalized stage or a fragmentation
stage. Moreover, the knowledge of the energetic particle
multiplicities and of the energy dissipated in the first re-
action phase is of particular interest for the understanding
of the role of the isospin degree of freedom in nuclear re-
actions and in the EOS for asymmetric nuclear matter.

Energy spectra of light particles (p, d, t,He) have been
measured for a large variety of reactions in a wide range
of incident energies with apparatuses covering the whole
angular range. In fig. 12 the experimental proton energy
spectra (dots) for 64Zn + 92Mo collected at different in-
cident energy and detection polar angles measured with
the NIMROD apparatus [3] are reported. A frequently
used technique to study light-particle emission mecha-
nisms is a simultaneous fit (in energy and in angle) of these
spectra assuming isotropic emission from sources with a
Maxwellian spectrum in their center of mass. Such analy-
sis performed on energy spectra, collected in inclusive [88–
93] data and in data sorted as a function of centrality, [94–
97] shows that the procedure is able to give a qualitative
characterization of the light-particle emission process.

The source velocities (vs), the inverse-slope parame-
ters (T ), the multiplicities (M) and the Coulomb emis-
sion barriers (Ec) are the fit parameters. A good repro-
duction of the experimental data, in the whole angular
range, is possible only if three sources are taken into ac-
count: a projectile-like source (PLF) (vs ≈ vbeam) that
dominates at forward angles, a target-like source (TLF)
(vs ≈ 0) localized at low energies, and an intermediate-
velocity source (IS) (vs ≈ vbeam/2) that dominates at high
energies and at larger polar angles. The relative yields of
the sources depend on the system asymmetry, on the re-
action centrality and incident energy [95,96]. The values
of the inverse-slope parameters (T ) are of the order of
4–6MeV for TLF and PLF while, for the IS source, T is
much higher, depending on the incident energy. The pres-
ence of these three sources is clearly evidenced also in the
Lorentz-invariant differential cross-section plots for light
particles [95,98].

Light particles emitted from TLF and PLF sources
are interpreted as particles evaporated from equilibrated
systems with a statistically predicted Maxwellian spec-
trum. Such interpretation is strengthened by the analysis
at lower bombarding energy and/or excitation energies.
The exponential slope T reflects the “apparent tempera-
ture” of the emitting systems averaged over the whole de-
excitation cascade. Applying corrections using statistical
models, it is possible to estimate the initial temperatures,
that are in agreement with the values estimated with other
methods [99].

Protons and neutrons emitted from a source with half
beam velocity (IS), which accounts for the most ener-
getic part of the spectra at around 90◦ in the nucleon-
nucleon reference frame, are interpreted as emitted in a
non-equilibrated phase of the reaction as a consequence
of NN collisions. In ref. [100] mid-velocity emission is al-
ready found at 25A·MeV while the onset of hard-photon
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Fig. 12. Proton energy spectra for violent collisions in 64Zr + 92Mo reactions at different incident energies (indicated on top)
and different detection polar angles (indicated in the left column) are reported. Experimental data are shown by dots. Thick
and thin solid lines refer to AMD-V simulation results for soft and stiff EOS with different prescriptions for the in-medium
cross-section [3].

Fig. 13. Experimental slope parameters of the IS in proton
spectra for various systems as a function of the bombarding
energy above the Coulomb barrier Vc. The curve represents
the estimate for quasi-free NN scattering [101].

emission, discussed in the previous paragraph, is found at
10A·MeV [26].

Originally, the Maxwellian parameterization was in-
troduced following statistical arguments (Boltzmann gas).
The momentum distribution components are assumed to
be independent Gaussians with a mean square value σ2 =

m · T , where m is the nucleon mass, and T a tempera-
ture parameter. In the case of IS, the parameter T rather
represents the random composition of the beam velocity
with the Fermi momenta of the nucleons inside the nu-
cleus [101]. The systematics of the extracted slope param-
eters T for IS for proton spectra is reported in fig. 13 and
explained in this framework. Deviations from this picture,
especially at low incident energy, have been explained as
due to Pauli-blocking effects [101].

By analyzing the neutron energy spectra we expect
to find the same characteristics as for protons (the only
difference is the lack of Coulomb repulsion). From the
experimental point of view neutron detection, especially
at high energies, is quite difficult and poor experimental
data with respect to charged particles are available. In the
35Cl + natTa reaction at 43A·MeV [102] neutron spectra
have been measured up to 50MeV from 60◦ to 150◦ polar
angles as a function of the PLF excitation energies and
pre-equilibrium neutrons from the IS source have been
evidenced. In this work from the Maxwellian fit a IS ve-
locity lower than half the beam velocity for all the PLF
excitation energies has been extracted and reproduced by
BNV calculations. This trend has been explained as due
to the attractive mean field from the target that the emit-
ted neutrons of moderately high energy still feel. In the
scenario where pre-equilibrium neutrons are emitted as a
consequence of NN collisions, if the emitted neutron un-
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dergoes more than one collision, a velocity lower than the
NN velocity is expected. Recently, although neutron spec-
tra were measured only up to 25MeV in the 36Ar + 58Ni
reaction at 50A·MeV from 60◦ to 150◦ [103], they were an-
alyzed as a function of the centrality and the IS velocity
was extracted. The IS velocity is found closer and closer
to the NN center-of-mass velocity with increasing central-
ity. The analysis of proton spectra, presented in the same
work but in the 58Ni + 58Ni reaction at 52A·MeV, does
not show the same trend; the IS velocity is near to the NN
velocity for all the centrality bins. This trend can be ex-
plained if neutrons are emitted both from NN collisions
in the interaction zone in the first stage of the reaction
(predominant at central collisions) and/or by a delayed
emission that occurs after the neck rupture and enhanced
near the heaviest partner of the reaction thus explaining
the lower IS velocity at peripheral and semi-central colli-
sions for neutrons. This delayed emission near the quasi-
target is enhanced for neutrons with respect to protons
due to the lack of the Coulomb repulsion. To confirm this
interpretation simultaneous measurements of protons and
neutrons for the same reactions are necessary [104].

An analysis in terms of Maxwellian source emission
applied to light-cluster (d, t,He) energy spectra shows a
similar scenario. The emission of the most energetic par-
ticles from the IS has been explained with a coalescence
model where the emission of light clusters is related to
the momentum space densities of nucleons in the colli-
sion [88,92,93,105]. The coalescence radius, P0, is the sin-
gle free parameter of the model once proton and neutron
energy spectra are known. P0 is the radius of a sphere
in momentum space where coalescence occurs. Recently,
the coalescence model has been coupled with dynamical
models describing the collision [98,106,107] to explain the
energy spectra of complex light particles. The percent-
age of particles emitted promptly at intermediate velocity
(pre-equilibrium particles) decreases with increasing mass
of the cluster [98]. In ref. [106] a self-consistent coalescence
model analysis has been used to determine the size of the
system as a function of time and to follow the evolution of
density and temperature during the reaction. Recently,
the emission of light cluster (Z ≥ 3) at mid-velocities
has been interpreted as emitted from a neck-like struc-
ture, formed dynamically during the reaction, joining the
quasi-projectile and the quasi-target [108,109]. The inter-
est in these studies is focused on understanding the nature
of “neck” formation (see the contribution by Di Toro et
al., Neck dynamics, this topical issue). One of the most
relevant features of IMF emission at mid-velocities is a
neutron enrichment with respect to IMF emission from
the projectile. Four reactions 124,136Xe + 112,124Sn [110]
were studied at 55A·MeV supporting the idea that IMFs
are emitted from a multiple neck rupture from a mate-
rial that is “surface-like” thus enhancing the N/Z ratio.
These results were confirmed by the chemical analysis of
the mid-velocity component measured [100] in peripheral
and semi-central collisions induced by Xe and Sn at en-
ergies between 25 and 50A·MeV. The most neutron-rich
isotopes are favored at lower energies and in peripheral

collisions, where the emission is globally more neutron
rich than evaporative processes. Similar results have been
found in [111] where more neutron-rich He isotopes are
found in mid-peripheral emission from the neck zone with
respect to He isotopes emitted from PLF. Exclusive mea-
surements of neutron and proton emission characteristics
from intermediate-velocity sources, measured in the same
reactions with different N/Z ratio, and comparison with
dynamical calculations can add information on the mecha-
nism leading to the neutron enrichment of the neck region.

In the energy regime considered in this review this well-
established scenario, in terms of three emitting sources,
is a way to mimic the emission of particles dynamically
originating during the whole reaction time. In particu-
lar, pre-equilibrium particles are not necessarily emitted
from a source well located in time. The comparison of
experimental data with dynamical model predictions [12]
and more complex analyses, as particle-particle correla-
tions (see the contribution by Verde et al. in this topical
issue and refs. [112,113]) allow to infer a space-time char-
acterization of the emission mechanisms. However, from
the experimental point of view, the emitting source pa-
rameterization is able to give an estimate of the number
of nucleons and of the energy removed at each step in the
reaction [95] and to “isolate”, by selecting detection an-
gles and energies, energetic particles emitted from the IS
(pre-equilibrium particles) for more complex event-based
analyses [13,94].

In order to estimate the amount of pre-equilibrium
emission, besides the integration of the Maxwellian fit-
ted curves, alternative methods have been applied for the
58Ni on 58Ni reaction at 32A·MeV [114] in complete events
detected with the INDRA apparatus. In this work all the
methods applied lead to the same estimate of the mass and
the energy removed in the pre-equilibrium stage. In [115]
a balance of mass, momentum and energy has been per-
formed for several central reactions with different mass
asymmetries and energies (from 17 to 115A·MeV). These
works prove that a large fraction of the initial mass and
available energy is removed in the pre-equilibrium stage
confirming that the estimate of pre-equilibrium emis-
sion is of crucial importance for the study of “hot” sys-
tems formed in central heavy-ion collisions. In particular
in [116] the isospin content of the pre-equilibrium nucleon
emission at high transverse momentum is suggested as a
probe to explore the momentum dependence of the sym-
metry term potential in asymmetric nuclear matter.

The space characterization of pre-equilibrium emission
can also be inferred by studying the impact parameter de-
pendence of pre-equilibrium particles [94,117,118]. Ener-
getic protons at large polar angles, measured as a function
of the impact parameter for reactions with different mass
asymmetry at 44A·MeV [94], show that pre-equilibrium
proton multiplicities increase with the size of the overlap-
ping region and, from system to system, with the number
of protons in the collision zone. The trend as a function of
impact parameter b can be understood if we assume that
proton yields scale with the overlap surface of the collid-
ing system thus indicating that pre-equilibrium protons
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are emitted mainly from first NN collisions as already
reported for hard-photon emission. This surface depen-
dence had already been predicted for high-energy gamma
emission by BUU calculations [31]. In ref. [119] from light
particles (p, d, t, 3He and 4He) measured in Ar + Ni col-
lisions from 52 to 95A·MeV, the amount of matter and
energy associated with the IS are estimated. The results
indicate that the total mass is directly correlated to the
impact parameter and it does not depend on the incident
energy, while the energy carried by light particles at inter-
mediate velocity is not strongly dependent on the impact
parameter but it depends on the incident energy.

From the analysis of proton angular distributions in re-
actions with different mass asymmetry at 44A·MeV [12],
a reminiscence of the elementary NN cross-section in
the observed anisotropy in central collisions for quasi-
symmetric systems confirms the hypothesis that pre-
equilibrium protons are emitted as a consequence of first
NN collisions. These results, compared with BNV pre-
dictions, are consistent with a scenario in which particles
are emitted in the first phase of the reaction mainly from
the first NN collisions in the interaction zone. Due to the
short proton mean free path a strong screening effect is
evident, which distorts the expected angular-distribution
trends in peripheral reactions and heavy systems. A clear
signature of this scenario is provided by γ-p correlation
results [54], as described in sect. 2. These results sug-
gest that protons produced in light symmetric systems
should be good probes to gather information on the in-
medium NN cross-section. Indeed light-cluster formation
has been calculated in microscopic transport approaches
including nucleon-nucleon cross-section in-medium effects,
which depend on the density and energies deposited in the
system [120]. This study shows that the number and the
spectra of light charged particles change in a significant
manner [121,122].

High-efficiency apparatuses are capable of measuring
differential energy spectra that span several orders of mag-
nitude. Particles with energy per nucleon up to 3–4 times
the incident energy [3,12,13,123] have thus been mea-
sured. With the hypothesis that energetic protons are
emitted as a consequence of first-chance NN collisions,
and that the momentum distribution can be approxi-
mated as a degenerate Fermi gas, a kinematical limit in
proton energies is expected. The observation in the en-
ergy spectra of protons far exceeding this limit is a puz-
zle not yet resolved. The mechanism able to concentrate
in few nucleons so much energy is not yet known, but
its knowledge can be of crucial importance to shed light
on all sub-threshold particle emission in heavy-ion reac-
tion at intermediate energy. Mechanisms as cooperative
effects [15], high-momentum tail of the nucleon Fermi dis-
tribution [124], fluctuations in the momentum space [125]
or properties of the potential have been proposed. At-
tempts to reproduce the extremely high-energy tail in pro-
ton spectra with dynamical models [3,13,123,125] have
been done. In these works, different prescriptions for the
effective mean-field potential and for in-medium proper-
ties of the two-body collision cross-section have been used.

Fig. 14. Inverse-slope parameters extracted from proton spec-
tra as a function of the impact parameter for the 58Ni + 58Ni
reaction at 30A·MeV. Full squares represent the experimental
data, open triangles the BNV calculations with a local mean
field and open circles the BNV calculations with a momentum-
dependent potential [126].

The most promising mechanism responsible for the pro-
duction of extremely energetic protons seems to be a co-
operative mechanism by which more nucleons act together
to produce a high-energy nucleon. A similar production of
high-energy gamma-rays exceeding the kinematical limit
for n-p collisions has been observed in ref. [69]. Experi-
mental inclusive proton spectra measured in Ar + Ta col-
lisions at 95A·MeV at large polar angles [123] were com-
pared with QMD [125] and BNV [123] calculations that
include, besides the usual local mean-field potential and
two-body collisions, three-body collisions which succeeded
in the explanation of sub-threshold pion production (see
section on pions). The comparison with the experimen-
tal data shows good agreement in the reproduction of the
high-energy slope.
Protons up to twice the NN kinematical limit (5 times

the beam energy per nucleon) have been measured as a
function of the centrality in the 58Ni + 58Ni reaction at
30A·MeV. The slope and yield of energetic proton spec-
tra collected at different impact parameters have been ex-
tracted and the comparison with results of BNV calcu-
lations with a local Skyrme potential and Gale-Bertsh-
Das Gupta momentum-dependent potential is reported
in fig. 14 [126]. The slopes are well reproduced by a
momentum-dependent potential, while the local poten-
tial fails especially at central collisions. Since momentum-
dependent effects could be expected also from a stiff po-
tential, the dependence on the compressibility term has
also been investigated for the same reaction [127]. The
proton high-energy spectra predicted by BNV calcula-
tions with a hard and a stiff compressibility for a local
Skyrme interaction have been compared to the experimen-
tal spectra, and the results indicate that the proton spec-
tra are not sensitive to the compressibility term while they
are sensitive, both in yield and slope, to a momentum-
dependent potential.
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Fig. 15. Proton multiplicities as a function of the number of
the participant nucleons (Apart) for different proton energies in
the reaction 58Ni + 58Ni at 30A·MeV. Full squares represent
the experimental data, open triangles the BNV calculations
with a local potential and open circles the BNV calculations
with a momentum-dependent potential. In the bottom right
panel the points for 130 ≤ Ep ≤ 150 are reported, divided
by Apart. The BNV calculations are scaled by a factor 0.6 in
order to take into account the yield reduction due to complex
particle emission not predicted by the calculations.

A more detailed analysis for the same reaction has
been performed in [13]. High-energy protons were detected
in coincidence with heavy fragments in order to select
classes of events with different centralities. For each class
of events high-energy gamma-rays were measured in co-
incidence and a quantitative measure of the size of the
interaction zone (Apart) was determined. In fig. 15 high-
energy proton multiplicities as a function of Apart (i.e. im-
pact parameter) for different energy values are reported.
A linear dependence on Apart (dashed line in the top left
panel) is observed for protons between 60 and 80MeV,
thus confirming that the high-energy proton multiplicity
increases linearly with increasing Apart. With increasing
proton energy a stronger deviation from linearity is ob-
served. The dashed line in the top right panel of fig. 15
shows a quadratic dependence. A similar behavior is ob-
served for π0 and η at much higher incident energies [128]
and interpreted as due to multi-step processes. The exper-
imental data were compared with microscopic BNV cal-
culations where two different potentials were included: a
local Skyrme interaction (open triangles in fig. 15) and
a Gale-Bertsch-Das Gupta momentum-dependent inter-
action (open circles). Momentum-dependent BNV calcula-
tions reproduce well the data up to 120MeV (left panels in
fig. 15) but fail in reproducing the extremely high-energy
proton multiplicity. BNV with local potential undershoot
the data already at low energies and central collisions.
These results call for the introduction in the transport
models of ingredients that are beyond the one- and two-
body effects as cooperative effects (three- or higher-order
collisions) [15]. As quoted in the introduction, the fact that

three-body effects might be important has been advocated
also in microscopic Bruckner HF calculations [8] to repro-
duce the experimental ground-state energy and density
of nuclear matter. The information that can be extracted
from energetic proton data is that, even though coopera-
tive effects are important, their relevance compared to nu-
cleons produced from two-body collisions is negligible. In
BHF microscopic calculations instead the relevance of the
three-body force is large, in fact the ground-state density
in the calculations decreases almost of a factor two when
three-body forces are included [8,129]. We would expect
that when increasing the excitation energy of the system
three-body forces would become even more important as
compared to cold nuclear matter because of some relax-
ation of the Pauli blocking.
This aspect calls for a further and more detailed ex-

perimental and theoretical analysis of these reactions at
various beam energies to try to pin down the relevance
of two-body versus three-body forces, which could be rel-
evant for microscopic calculations of the nuclear-matter
EOS and the binding energies of light nuclei.
A detailed comparison between experimental re-

sults from several reaction at different incident energies
(64Zn + 58Ni, 92Mo and 197Au at 26, 35, 47A·MeV) with
dynamical model predictions has been presented in ref. [3].
The general aim of this work is to get information on
the reaction mechanisms by comparing the model results
with a wide set of experimental data. Direct experimen-
tal observables as velocity and energy spectra, multiplicity
and charge distribution for light particles (p, d, t, α) and
IMF (Z ≥ 3) have been compared with a modified an-
tisymmetrized molecular dynamics (AMD-V) that takes
into account different prescriptions for the in-medium NN
cross-section and a Gogny effective interaction with a
momentum-dependent mean field and two different com-
pressibility values. In fig. 12 the experimental proton en-
ergy spectra (dots) and AMD-V calculations with two dif-
ferent compressibility values and in-medium NN cross-
section description are reported. Results corresponding to
a compressibility for infinite nuclear matter K = 228MeV
and an empirical in-medium NN cross-section prescrip-
tion, where no distinction is made between n-n and
n-p cross-sections (soft EOS+NNemp) are represented as
thick lines while results corresponding to K = 360MeV
and an in-medium NN cross section with different-cross
section prescription for n-n and n-p cross-sections (stiff
EOS+NNLM) are represented as thin lines. Both calcu-
lations with different compressibilities are in qualitative
agreement with the bulk of data, but none of them is able
to reproduce the high-proton energy tails (see fig. 12) es-
pecially at around 50◦ polar angle, which corresponds to
emission near 90◦ in the center-of-mass system, where the
high-energy IS component can be clearly evidenced.

5 Conclusions and future perspectives

In this work we have reviewed the production of
hard photons, subthreshold pions and energetic nucle-
ons in nucleus-nucleus collisions at intermediate energies
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(10A·MeV ≤ E ≤ 100A·MeV). A first remark concerns
the fact that the bulk of data are qualitatively rather well
reproduced by dynamical calculations like BUU. The nu-
clear dynamics is described in terms of a mean field and
two-body collisions, thus confirming the dominant role of
NN collisions, boosted by Fermi motion of the colliding
nuclei. This result opened the possibility of carrying on a
more detailed comparison between experimental data and
calculations in order to put constraints on the in-medium
NN cross-section, as well as on the momentum depen-
dence of the nuclear mean field, and on the equation of
state of nuclear matter.
As a second general result, the general agreement be-

tween high-energy particle data and dynamical transport
models calculations qualifies these particles as probes for
the early non-equilibrated stage of the reaction. This al-
lows to extract information regarding the pre-equilibrium
phase and the following evolution towards equilibration.
Some interesting results from a detailed comparison be-
tween data and calculations have been obtained:

– a clear evidence of momentum-dependent interactions
has been gathered;

– particle production is very sensitive to the NN cross-
section, however more work should be done to draw
conclusive results on σNN modifications in the nuclear
medium taking also into account the effects on the re-
action dynamics.

A word of caution is however necessary. All these con-
clusions crucially rely on the comparison of data with
transport calculations, and one should make clear that
they do not depend on the numerical implementation of
the model. One main suggestion could be to compare the
results of several dynamical calculations with many differ-
ent experimental data, for example for both energetic nu-
cleon, pion and hard-photon production and, on the other
hand, to verify that the same prescriptions allow also a
good description of other features of the nucleus-nucleus
dynamics both in peripheral (neck, PLF fragmentation,
etc.) and central collisions (fusion, multifragmentation,
etc.). This procedure should allow to constrain the pa-
rameters of interest for the EOS. Moreover, the fact that
a probe is sensitive only to some parameters of the EOS
and not to others is important since it allows to disen-
tangle the contribution of various parameters. This is the
case of hard photons and energetic nucleon spectra that
are not particularly sensitive to the stiffness of the EOS.
It is also important to mention that, for energetic

proton production, a strong improvement in the agree-
ment between data and calculations is achieved, for cen-
tral collisions, only including a momentum dependence
of the nuclear mean-field interaction. To our knowledge,
momentum-dependent calculations have not been carried
out for the hard-photon production and, since the effect of
Pauli in the final state is much stronger in this case, this
comparison is expected to provide additional valuable in-
formation.
Hard photons, which are unperturbed probes due to

the fact that they once produced do not interact any-
more with the surrounding nuclear matter, provide a clean

chronology of the various stages of the reaction. In partic-
ular, energetic hard photons (Eγ ≥ 50MeV) gave access
to the momentum Fermi distributions of the colliding nu-
clei in the early non-equilibrated stages of the reaction,
while “thermal” hard photons provide a clock for multi-
fragmentation.
The observation of deep-subthreshold or extremely en-

ergetic “particles” addressed the question of which mecha-
nisms could allow to concentrate a relevant fraction of the
available energy in the production of a single energetic or
massive “particle”. For hard photons, pions and energetic
protons as described in this report, as far as we know,
there is a lack of theoretical models to compare with ex-
isting deep-subthreshold data. Cooperative effects, where
more nucleons or cluster of nucleons participate in the col-
lisions, seem very promising and more theoretical effort
should be devoted to this issue. One extreme case which
we would like to stress is pionic fusion where all the beam
energy is transformed into the pion mass and a compound
nucleus is formed very close to its ground state [130].
In the near future the investigation of the isospin

degree of freedom will be boosted by the new facilities
providing exotic beams and its impact on the EOS of
asymmetric nuclear matter will be the next challenge for
heavy-ion nuclear physics. In this field, n, p, pion and
hard-photon detection is expected to provide very impor-
tant pieces of information, especially due to the fact that
these probes are sensitive to the first stage of the reac-
tion where the largest asymmetry in isospin and densities
can be reached. In asymmetric matter a splitting of neu-
tron and proton effective masses is expected, but the sign
of the splitting is quite controversial giving opposite re-
sults for various Skyrme forces. The investigation of pre-
equilibrium particles, for which the high-momentum com-
ponents have a crucial role, could provide sensitive probes.
In particular, the neutron proton ratio of fast nucleon
emission as a function of centrality and the slopes and
yields of hard-photon spectra, which can provide comple-
mentary pieces of information with respect to the nucleon
emission thanks to the fact that they are not affected by
final-state interaction, should be carried out [131].
Concerning pion emission, several theoretical works

have been published, investigating the sensitivity of the
π+/π− ratio to the isospin degree of freedom at incident
energies of about 400A·MeV, and its dependence on the
neutron and proton chemical potentials and on the sym-
metry energy has been put in evidence [132,133]. However,
it is important to underline that these works deal with
equilibrated dense nuclear matter, while the possibility of
investigating the π+/π− ratio at incident nucleon energy
below the NN pion energy threshold, could give access to
the early non-equilibrated stage of the reaction.
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