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4 DAPNIA/SPhN, CEA/Saclay, F-91191 Gif sur Yvette, France
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9 A. So ltan Institute for Nuclear Studies, Pl-00681 Warsaw, Poland
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Abstract

Experimental data obtained with the use of the 4π multi-detector system INDRA and the beams
delivered by the SIS synchrotron facility at GSI, were used to study peripheral and central colli-
sions of Au and Au at energies between 40 and 150 MeV/nucleon. The analysis was performed as
a function of incident energy and of centrality of the collision, defined through the total transverse
energy (Etrans12) of light charged particles (LCP, Z≤2). Transverse velocities of intermediate mass
fragments produced in the mid-velocity region for peripheral collisions were found to show a partic-
ularly intriguing behavior. The shapes of the spectra were found to be invariant with respect to the
incident energy. Some possible scenarios are discussed. For central collisions the onset and rapid rise
of collective radial flow has been observed. The observed anisotropies in the flow pattern are studied
within the SMM model.

1 INTRODUCTION

Both, central and peripheral collisions of
symmetric heavy ions at intermediate energies,
despite having been studied for decades now,
are still drawing attention, still provide new
pieces of information, and still contain open
questions.

In order to study these reactions in more de-
tail a series of experiments has been performed
during the 4th INDRA Campaign carried out
at the GSI. The reaction products formed us-
ing the beams delivered by the Heavy Ion Syn-
chrotron SIS were measured with the 4π mul-

tidetector system INDRA [1]. One of the sys-
tems studied at GSI was Au+Au at energies
40-150 A MeV. These reactions will constitute
the main topic of this contribution.

Peripheral and mid-central collisions with
their pronounced binary character allow to
study the mechanism of dissipation: mass,
charge, linear and angular momentum trans-
fers leading to excitation of primary fragments.
They are supposedly strongly influenced by dy-
namical processes. In these collisions, the 2
heaviest residua or their remnants remember-
ing the entrance channel conditions, are usu-
ally accompanied by a sizable amount of par-



ticles and fragments with parallel velocities in-
termediate between those of the projectile and
of the target [2-5] and their importance in-
creases with increasing centrality of the col-
lision. They are often referred to as midra-
pidity (midvelocity) emissions. The origin of
these midrapidity fragments and related reac-
tion scenarios are still debated and their char-
acteristics are still a matter of interest. A few
scenarios including fast pre-equilibrium parti-
cles, particles and fragments emitted from the
neck, as well as light fission fragments preferen-
tially aligned in between the two main reaction
partners might be suggested here.

Investigation of the transverse velocities of
fragments emitted at midrapidity in periph-
eral collisions led to the interesting observation
of invariance of the velocity distributions with
the incident energy. We will concentrate on
this point in the first part of this contribution,
after having introduced the chosen centrality
selection.

Central collisions, in turn, provide a unique
opportunity to study the multifragmentation
phenomena and related physics of phase tran-
sition in finite pieces of nuclear matter as well
as dynamical and collective effects such as
flow, inseparably present on top of the thermal
and Coulomb motion of the emitted fragments.
The main assumption usually made here is
that at some point in time during the reaction
a thermal and chemical equilibrium is reached.
With this assumption central collisions usually
can be successfully described with the use of
statistical models such as e.g. SMM[6]. The
excess of kinetic energies of particles and frag-
ments emitted in these reactions, and observed
already around 35 A MeV [7, 8], is usually
interpreted in terms of radial collective flow.
The origin of this collective effect is still not
well understood and several suggestions such
as transparency or compression-decompression
[9] might be put forward.

An interesting goal related to collective flow
in the studied central Au+Au collisions is not
only to quantify it, but also to study its angu-
lar distribution and anisotropy. This question

was extensively addressed by F. Lavaud and
E. Plagnol (see [10]) and the main results of
this investigation will be briefly presented in
the second part of this contribution.

2 CENTRALITY SELECTION

Following previous investigations of symmet-
ric heavy ion collisions [4, 5], we use in the fol-
lowing the total transverse energy, Etrans12,
of LCP as an impact parameter selector.
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Figure 1: Reduced impact parameter derived from
the transverse energy spectra of Z≤2 particles from
the Au+Au @ 40, 50, 60, 80, 100 and 150 A MeV.
The spectra were scaled to the one for 40 A MeV. The
indicated binning of Etrans12 and b/bmax corresponds
to Au+Au @ 60 A MeV reaction. Bin ❶ corresponds
to the most peripheral collisions, bin ❽ - to the most
central ones.

Fig. 1 presents the relation between the
scaled Etrans12 and the reduced impact pa-
rameter, b/bmax, obtained with the use of the
geometrical prescription [11]. The Etrans12
spectra were scaled to the 40 A MeV one. The
last bin (bin ❽) corresponds to the most cen-
tral 5% of the maximum impact parameter,
bmax. The remaining part of the Etrans12 spec-
trum was divided into 7 equal bins, with bin
❶ corresponding to the most peripheral colli-
sions.

The total cross section for the Au+Au @ 40
A MeV reaction was estimated to be about 5.2
b for events with at least 3 charged particles
detected. This corresponds to the maximum
impact parameter of about 12.8 fm. The bmax
is expected to increase with incident energy,



due to the Coulomb interaction, and should be
about 6% larger at the highest energy (see e.g.
[12]). This increase, however, is comparable
with the accuracy of determining the bmax.

The observed scaling of Etrans12 in a broad
incident energy range is worth stressing. The
Etrans12 for the most central collisions (bin ❽)
scales linearly with the incident energy.

3 PERIPHERAL COLLISIONS:
TRANSVERSE VELOCITY

SCALING

Inspection of transverse velocities, or ener-
gies, for different rapidity bins leads to some
interesting observations.

The upper row of Fig. 2 presents invariant
cross sections for Li fragments from Au+Au @
100 A MeV reaction, as a function of trans-
verse velocity and rapidity with the indicated
rapidity cuts. The middle row presents trans-
verse velocity distributions of Li ions for differ-
ent bombarding energies, and the bottom one
the corresponding mean transverse energies.

At projectile rapidity and for peripheral col-
lisions (left column) a Coulomb component in
the velocity spectra is pronounced. The po-
sition of the peak is remarkably constant for
all bombarding energies and indicates emission
from the surface of the primary fragment.

The Coulomb component is nearly absent
or possibly spread out over a wide velocity
range in the emissions at midrapidity where
one can observe two different scaling behaviors
for the peripheral and central impact param-
eter bins. In the central case (right panel),
the shapes are approximately Gaussian with
an extra shoulder superimposed at lower inci-
dent energy, possibly due to Coulomb repul-
sion. Both, the mean and the width increase
considerably with increasing bombarding en-
ergy and with the fragment mass (see also bot-
tom right panel). This reflects the increas-
ing importance of flow for central collisions at
higher incident energies.

For peripheral reactions (middle column), a
particularly intriguing behavior is observed.
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Figure 2: Top row: invariant cross sections for Z=3
fragments as a function of transverse velocity (x) and
rapidity (y) for Au+Au @ 100 A MeV reaction with the
indicated rapidity cuts. The arrows denote, from the
left, the target, CM, and projectile rapidities, respec-
tively. Middle row: invariant transverse velocity distri-
butions for Z=3 at bombarding energies from 40 to 150
A MeV. Bottom row: mean transverse energies of IMFs
with 3≤Z≤6 as a function of incident energy. The thick
solid line represents the Goldhaber model prediction.
The 3 columns correspond to 3 selections in rapidity
and centrality: projectile rapidity and peripheral colli-
sions (bin ❶, left column), midrapidity and peripheral
collisions (bin ❶, middle column) and midrapidity and
central collisions (bin ❼, right column), respectively.

The shapes of the velocity spectra are between
Gaussian and exponential and invariant with
respect to the incident energy. The corre-
sponding mean transverse energies of about
28 MeV for lithium ions seem too large for
a purely thermal origin and are larger than
the value of 14.6 MeV temperature obtained
from the Goldhaber model [13] with pF = 265
MeV/c (the thick horizontal line) but may re-
flect the additional Coulomb potential that is
generated by the two residua in the neck re-
gion.

Simulations of nucleon-nucleon collisions im-
ply that the Pauli blocking of the collisions can



be partly responsible for this invariance. The
mean transverse energies of nucleons scattered
into the midrapidity region show a very weak
dependence on incident energy provided Pauli
blocking is effective. Otherwise, mean trans-
verse energies increase with the incident en-
ergy. Within a coalescence picture one might
expect invariance of mean transverse energies
at midrapidity also for fragments.

4 CENTRAL COLLISIONS: RADIAL
FLOW AND DEFORMATION

As has already been demonstrated (Fig. 2,
right column) central collisions are very sensi-
tive to the incident energy. The analysis per-
formed by F. Lavaud and E. Plagnol was done
with a more elaborate impact parameter selec-
tion, using the concept of principal component
analysis (PCA [14]), nevertheless, it was also
demonstrated that the main conclusions hold
true also for simple Etrans12 selection, when
the 2 most central bins (❼+❽) are selected.

Fragment charge distributions are found to
be fairly isotropic in the center of mass (CM)
system for all energies studied (here: 40-100
A MeV). This observation supports the usage
of a statistical approach to analyze the central
collision data. Another interesting observation
concerns the angular distribution of mean ki-
netic energies of fragments. These distribu-
tions show not only an excess of energy as com-
pared to standard statistical model prediction,
suggesting importance of collective effects, but
also are found to be not at all isotropic in the
CM system. They rather exhibit an enhance-
ment along the beam axis (see symbols in Fig.
3). This, together with previous similar ob-
servations [15, 16], leads to the hypothesis of
a non-spherical shape for the freeze-out vol-
ume. To quantify the amount of flow and its
anisotropy in central collisions, the data were
analyzed with the help of the SMM model. The
best description of the data was achieved with
the assumption of a prolate shape of the freeze-
out volume and a self-similar, isotropic radial
flow profile.

Z
0 5 10 15 20 25 30 35 40

<E
ki

n
>

0

100

200

300

400

500

600
SMM deforme :
Au+Au @ 40 MeV/A
SMM deformed :

Forward

Middle

Z
0 5 10 15 20 25 30 35 40

<E
ki

n
>

0

100

200

300

400

500

600

Z
0 5 10 15 20 25 30

<E
ki

n
>

0

100

200

300

400

500

600

Z
0 5 10 15 20 25 30

<E
ki

n
>

0

100

200

300

400

500

600

Au+Au @ 60 MeV/A
SMM deformed :

Forward

Middle

Au+Au @ 80 MeV/A
SMM deformed :

Forward

Middle

Au+Au @ 100 MeV/A
SMM deformed :

Forward

Middle

Figure 3: Comparison of the kinetic energy distribu-
tions for central Au+Au collisions as a function of a
charge of the detected ion obtained at various incident
energies for 2 angular regions (forward: 0 ≤ θcm ≤ 60
degrees and middle: 60 ≤ θcm ≤ 120 degrees). The
histograms represent the SMM predictions with ellip-
soidal freeze-out volume and self-similar radial flow.

The system at “freeze-out”, undergoing mul-
tifragmentation, can be characterized by its
size: Z◦, A◦, density ρ and thermal excitation
energy E◦. Because of the pre-equilibrium ef-
fects the Z◦, A◦ and E◦ at higher bombarding
energies can differ substantially from the avail-
able charge, mass and kinetic energy. To find
the freeze-out volume initial conditions an ex-
tensive search for parameters Z◦, A◦, E◦ has
been performed for a fixed ρ equal to 1/3 of
the normal nuclear matter density (ρ◦).

The fitting criterium was to reproduce with
the filtered model results the experimental to-
tal charge of Z≥5 fragments, their multiplicity,
as well as the size of the heaviest fragment.
The best fits were obtained for the parameters
listed in the upper part of Tab. 1.

After having fixed the thermal properties of
the contents of the freeze-out volume another
search has been performed to extract the flow
value and deformation. Now the goal of the
fit was to reproduce the distribution of mean
kinetic energies of fragments for different angu-



lar regions. The results of the fit can be viewed
from the histograms in Fig. 3, and the fit pa-
rameters can be found in the bottom part of
Tab. 1, where the “deformation” is defined as√

(〈Ekin(θCM = 0)〉/〈Ekin(θCM = 90)〉).

Table 1: Initial deformed freeze-out volume condi-
tions together with the results of the fit to the mean
kinetic energies of fragments.

Ebeam [A MeV] 40 60 80 100

Z◦ 142 125 110 95
A◦ 355 312 275 237

E◦ [A MeV] 6.0 7.8 8.7 9.1

deformation 2.1 2.0 1.7 1.5
radial flow [A MeV] 2.0 4.5 8.0 9.0

Ethermal [%] 73 65 58 43

The presented procedure of extracting the
flow characteristics and its results listed in
Tab. 1 lead to some interesting conclusions.

First of all, the initial size of the system
drops down from almost the whole system at
40 A MeV to close to half of it at 100 A MeV,
indicating a strong increase of pre-equilibrium
effects with increasing energy.

Secondly, although the available CM kinetic
energy more than doubles (from 10 to 25
A MeV), the extracted thermal energies in-
crease only by 50%. A large part of the remain-
ing energy goes into radial flow, which evolves
from 2 A MeV (1/3 of E◦) to 9 A MeV (equal
to E◦). Altogether, the energy fraction con-
verted into the thermalized source represents
73% at 40 A MeV and 43% at 100 A MeV (see
bottom row of Tab. 1).

The origin of the deformation of the freeze-
out volume is unclear. It could result from the
way that the system reaches its maximum den-
sity point, a memory of the incoming direction
could well be preserved during the following
expansion. It could also originate from a par-
tial transparency of the incoming ions. The
fact that this deformation decreases with in-
creasing beam energy could indicate that the
nucleon-nucleon scattering becomes more im-
portant, because Pauli blocking is less effec-
tive, and hence the transparency less apparent.

5 SUMMARY

The presented contribution contained first
results from the analysis of the experimental
data on Au+Au reactions at energies from 40
to 150 A MeV, collected during the 4th INDRA
campaign conducted at the GSI.

Transverse velocities at midrapidity for pe-
ripheral collisions were found to show a sur-
prisingly weak dependence on incident energy.
Simulations of nucleon–nucleon collisions im-
ply that Pauli blocking of the collisions could
be partly responsible for this invariance.

A detailed analysis of central collisions with
the use of the SMM model showed that the
best description of the data could be achieved
with the assumption of a prolate shape of the
freeze-out volume and a self-similar radial flow.
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