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One of the first questions which arise is related to the number of nuclei (or

nucleon systems) which are formed after the first step of the nucleus-nucleus encounter.
At energies 20 to 100 MeV/u.incornpJej^XusiDji.pr massive transfer mechanisms were
in voked to explain the observed (Jlsffipulions of pioHucTsTcsrjeclTil I yTor hea vy res id ucs.
for the nearly symmetric systems, ^Ar on ^Al from 55 to 95 MeV/u, and ^Zn on nalTi,
from 35 to 79 Mey/u, Charged prQd.u.cts_were detected in a nearly 47T, geometry using two
complementary multidelector systems,MUR and T O N N E A O . The"events were sorted as a
function of the violence of the collision with the total transverse momentum Pj_ Lorentz

invariant cross section maps iftJ^V^m} glotted for_differenLBiodiicts (fl$/\J) show three
sources for Z = 1 and 2 particles ^cjuasi-projectile, cjuasi-target and a third source, located
al mid^apjdlty. For^

Fusion events ?

For nearly symmetric systems, it is not possible to disentangle complete fusion events
from incomplete fusion events after mid-rapidity emission. In both cases, the source of
particle emission seems to be unique and its rapidity is close to Ycm. Data obtained at 55
and 86 MeV/u are presented in fig. 1. Several methods were tried to select possible
fusion events.The best selectivity has been obtained with the ratio of the total transverse
energy to the total cm. longitudinal energy Ej_/E//. For two sources located away from
Ycm, this ratio is small. It is close to 2, on the average, in the limit of an isotropically
decaying source located at Ycm. We have taken a less stringent requirement, i.e. E i / E//
> 1.5. One then obtains the lower row at each energy in fig. 1 where the quasi-projectile
and quasi-target sources are strongly reduced, especially at the lower incident energies;
most events in the lower rows are issued from a different mechanism than the main
portion in the upper rows. Their cross section amounts to less than 5% of the reaction
cross section at 50 MeV/u and vanishes above.

Characteristics of the quasi-projectile

Since all products from the quasi-projectile are well above the detection threshold
and their charges are well identified, we can determine the velocity, mass (or charge) and
excitation energy of the primary excited quasi-projectile nucleus left after pre-equilibrium
emission. The source velocity vector was reconstructed for each event from the
momentum vectors of its products with Z > 2. In order to quantify the relative motion
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damping seen in fig. 1, the velocity (or kinetic energy per nucleon) and deflection angle
of the quasi-projectile source can be plotted in the center-of-mass. The distribution
obtained with all well characterized events is shown in fig. 10 at 55 MeV/u. The grazing
angle is ~1° and one observes a large range of energy damping and deflection angle. Very
few events have a kinetic energy close to full damping of the relative motion. A more
quantitative view is shown in the right panel, where the mean kinetic energy and mean
deflection angle are plotted for each beXp bin. The quasi-projectile mass can be
reconstructed by adding up the masses of the detected products and taking into account
the geometrical efficiency. Pre-equilibrium particles contribute to the mass. As in ref.
[12], the best way of minimizing this contribution is to take for each event the products
emitted in the forward hemisphere in the rest frame of the quasi-projectile and multiply
their contributions by 2 in order to get the emission over 4 n.

This method leads to large fluctuations event-by-event, but the mean value in eacli
bexp bin is correct. The mean mass of this q-p remains below the projectile mass at all
impact parameters, in agreement with the binary character of the collision : fig. 3.

A comparison to a Landau-Vlasov code is also shown in figure 15 . The mid-
rapidity source is observed to be stronger than in the experiment. The solid triangles
show the mass of the fast source when it separates from the target-like source, after a time
of around 70-90 fm/c, depending on b. At 6 fm, it is equal to the experimentally
reconstnicted mass but it is lower at 2 fm.

In figure 4 is schematized the evolution of reaction mechanims with energy for
central collisions below - 5 % of OR (bCXp<1.5 fm). The solid line represents the
proportion of the available energy transfonned from relative motion into other degrees of
freedom (Total Kinetic Energy Loss TKEL, dissipated energy). The short dashed line is
the part given as excitation energy to the mono or di-nuclear system. In the most violent
collisions, at low energies, fusion occurs.When deep inelastic collisions replace fusion,
the relative motion is fully damped, and their total excitation energy is close to the
available energy. When the beam energy increase, fully damped events are issued from
smaller impact parameters, i.e. their cross section decreases. At the beam energies studied
here, fully damped events are rare, thus the dissipated energy and the excitation energy
are lower fractions of the available energy. Note that the plotted values are mean values in
the 70 mb bin of most violent events. It contains very violent events with a larger
damping of the relative motion and larger values of the dissipated energy and excitation
energy. At high beam energies, the quasi-projectile and quasi-target have a low excitation
energy per nucleon and a small mass and the name of spectators is justified.

The dotted line shows the part of available energy carried by emission from the
interaction zone. Around the Fermi energy, pre-equilibrium emission sets in and becomes
more important with the beam energy. At several hundreds of MeV/u, the participants
carry most of the dissipated energy.

In conclusion, binary collision dynamics dominates above 35 MeV/u in the nearly
symmetric systems 36Ar+27Al (or 40Ar+27Al) and 64Zr+natTi. This dominance is
observed for all degrees of dissipation. Fusion is observed in central collisions with a
cross section not exceeding a few percents of the reaction cross section. The transition
from dominating fusion to dominating dissipative binary collisions occurs at incident
energies around the Fermi energy for nearly symmetric light and medium-mass systems.

Publications :

- A. Kerambrun et al, Report LPCCaen 94-14, unpublished (1994)
- J. Pe"ter et al, Nucl. Phys. A 593 (1995) 95-123
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Figure 1 : Contour plots for Z=l, 2, 3-6 and > 7 at 55 (lop) and 86 MeV/u (bottom). At
each energy, the upper row contains all events with an estimated impact parameter <
1 fm, the lower row contains the events of the upper row which have a large E /E// ratio,
i.e. possible fusion events. The abscissa is the laboratory rapidity normalized to the
projectile rapidity and the ordtnate is the transverse momentum per nucleon relative to the
projectile momentum per nucleon.
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Figure 2 : Left panel : contour plots of the cm. kinetic energy per nucleon of the
reconstructed quasi projectile versus its cm. deflection angle at 55 MeV/u. Right panel:
mean values of the same bservables per beXp bin. The label 1.5 means : bCX|) = 0 to 1.5
fm, 2.5 means from 1.5 to 2.5 fm, and so on. The right-hand vertical scale is the
corresponding dissipated energy per nucleon.
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Figure 3 : Experimental data and Landau-Vlasov calculations for 36Ar+27Al (top) and
64Zn+Ti (bottom) systems as a function of the impact parameter. The experimental data
are shown by open symbols. In each figure, the lower points show the average residual
mass of the fast source, the upper points show the average reconstructed mass of the fast
source (projectile "spectator"). The reconstructed mass includes some pre-equilibrium
contribution, especially in central collisions. The horizontal bars show the estimated
impact parameter bins. The vertical bars in Zn+Ti show the variances of the distributions.
Landau-Vlasov calculations results at 65 MeV/u for Ar+Al and 62 MeV/u for Zn+Ti are
shown by closed symbols. Points : average residual mass of the fast source ; triangles :
average mass of the fast source at the moment of separation, i.e. minimum mass of
source.
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Figure 4 : Schematic picture of the evolution of reaction mechanisms with incident
energy. Long dashed line : single source events (fusion or full stoping). Other lines :
central collisions (<4% OR). Solid line : Total Kinetic Energy Loss TKEL (dissipated
energy). Dotted line : total energy of particles emitted from the interaction zone (pre-
equilibrium particles, or participants). Short dashed line : excitation energy of the quasi-
projectile + quasi-target, or spectators).
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