
ffc€<i«ï M& 

IPNO-DRE-88-17 

DYNAMICAL ASPECTS OF VIOLENT COLLISIONS 
III Ar + Ag REACTIONS AT E/A = 27 MeV 

M.F. Rivet, B. Borderie, C. Grégoire, 
D. Jouan, B. Remaud 



T"-

1er juin 1988 

IPN0-DRE-B8-17 

DYNAMICAL ASPECTS OF VIOLENT COLLISIONS 
III Ar +• Ag REACTIONS AT E/A = 27 MeV 

M.F. Rivet, B. Borderie, C. Grégoire, 
D. Jouan, B. Renaud 



DYNAMICAL ASPECTS OF VIOLENT COLLISIONS 
IN Ar + Ag REACTIONS AT E/A = 27 MeV 

M. F. Rivet, B. Borderie, C. Grégoire*, D. Jouan. B. Remaud* 

Institut de Physique Nucléaire, B.P. 1, 91406 Orsay Cedex, France 
t GANIL, B.P. 5027, 14021 Caen Cedex, France 

1 LPN, UA 57, 2 rue de la Houssinière, 44072 Nantes Cedex, France 

Abs t rac t 

Intermediate-mass fragment studies were found to give an overview of the mech
anisms involved in violent collisions between Ar and Ag at E/A = 27MeV. A com
parison is made with semi-classical calculations (Landau-VIasov) which reproduce 
experimental observations well and sustain the persistence of dissipative processes 
at high incident relative velocity (— 0.2c). 



In the last few years many experiments on heavy-ion induced reactions at interme
diate energies were devoted to incomplete-fusion processes [l]. Very recently, through 
the study of coincident light (IMF) and heavy fragments , a large range of collisions 
induced by 27.4 MeV Ar ions in Ag could be scanned, from slightly damped to com
pletely damped collisions [2], They remind strongly of the deeply inelastic collisions 
(DIC) occuring at low energy. Experimentally, however, it was not possible to distin
guish between completely damped DIC and fusion followed by asymmetric fission or 
evaporation of an IMF. The deduced recoil velocity of the system before splitting was 
linked to the preequilibrium emission which had occured in a first step of the reac
tions. Whenever this velocity deviates from that of the compound nucleus, it reflects 
the amount of preequilibriura emission, without disentangling the part which ts due to 
the number of preequilibrium particles from that due to the velocity of these parti
cles. A semi-classical calculation, based on the Laudau-Vlasov equation, and using a 
Zamick force [3(, was shown to reproduce some dynamical aspects of nuclear reactions 
at intermediate energies |4,5j. In this approach, the interplay between the one-body 
viscosity determined by mean field features and the residual two-body viscosity is taken 
into account. The dîssipatîve mechanisms with a transfer of translational energy into 
intrinsic excitation energy are expected to be described with the respective role of the 
two viscosity components. It was therefore appealing to compare the results of such 
calculations with the experimental results of [2j. 

Calculations were performed for several impact parameters; the evolution of the 
density distribution as a function of time is displayed in Fig 1 for b = 0,4,5.5,7,10 fm. 
For central collisions, up to b = 5 /m , there is a complete overlapping of the nuclei, 
with a high density developing at the beginning of the reaction (pmnx *- l.Zpo)> About 
tv-elve nucléons are ejected rapidly with a high velocity, both forward and backward. 
Their momentum anisotropy, defined as T} = E(2u; — u* — u*), where z is the beam axis 
and x the impact parameter axis, is high when the emission begins and vanishes around 
( — 120 fm/c. The subsequent nucléon emission is isotropic. This instant can therefore 
be considered as the end of the preequilibrium stage. Correlatively the velocity of the 
residual nucleus, defined as the inside of a 12 fm radius sphere centered at the center of 
mass, first decreases and then stabilizes at the same time, around 120 fm/c. This type 
of reaction, where rapid particles are ejected first, but where a heavy residue with a 
mass close to that of the compound nucleus subsists, can be regarded as an incomplete 
fusion. The linear momentum missing in the residue has been carried away by the 
preequilibrium nucléons. 

At intermediate impact parameters the collisions look quite different. There is indeed 
a stage where the two nuclei form a compact shape, which remains however a two-center 
entity; but the system reseparates into two fragments, the separation occuring earlier for 
larger impact parameters, at 100 fm/c for b = 9 fm and at 300 fm/c for b = 5.5 fm. 
The relative velocity of the two fragments increases with the impact parameter, so do 
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their average masses at separation time; they evolve from 25 (light fragment) and 90 
(heavy fragment) for b = 5.5 fm to 35 and 102 for b = 9 fm. Correlatively, when b 
decreases, the emission angle of the light fragment shifts toward 0 3 and then becomes 
more and more negative. The percentage of projectile nucléons in the light fragment 
decreases from 89% at b = 9 fm to 46% at 6 = 5.5 fm. All these features resemble 
strongly the evolution of DIC observed below 10A MeV, and allow to classify the 
intermediate impact parameter collisions as incompletely damped DIC. 

The evolution of the dissipation in DIC was shown experimentally by the correlation 
between the fragment relative velocity and the emission angle of the light fragment 0J.UF 
[2j. The same quantities were derived from the calculation and the evolution of v„i with 
®i\tF shows an excellent agreement with the experimental data, as appears in the top 
part of Fig 2. 

Beyond 30° the experimental relative velocity does not evolve any more. Therefore it 
is reasonable to assume that complete damping has been reached. The measured aver
age velocity corresponds to the Coulomb repulsion of two touching spherical fragments, 
and is therefore much higher than asymmetric fission barriers as calculated by Sierk [6j. 
However it is possible that the experimental velocity threshold leads to an overestimate 
of the measured average relative velocities. It is then difficult to know whether one 
is observing completely damped DIC or fusion followed by evaporation or asymmetric 
fission |7]. Here the calculation can help to make a choice: if these events came from 
completely damped DIC, the calculation should account for them as it does for incom
pletely damped DIC; it is therefore reasonable to attribute the events with backward 
emission of a light fragment to fusion-fission or fusion-evaporation processes, and thus 
to link them to the incomplete fusion processes (b < 5.5 fm) given by the calculation. 
It should be reminded that Landau- Vlasov calculations do not treat deexcitation effects 
other than nucléon emission, since they lie upon a one-body theory. 

It was deduced from the calculation that at time t — 120 fm/c, the preequilibrium 
stage was over for central collisions. For DIC it was difficult to apply the same criteria 
to separate the preequilibrium emission, as probably no isotropy can be expected in 
the emission from a very deformed system. For the sake of comparison however, the 
velocity of the system before splitting was calculated at the same time (120 fm/c) for 
all impact parameters up to 6 = 8 fm. and is compared in the bottom of Fig 2 to 
the same quantity deduced experimentally. Experiment and calculation agree on one 
point: the amount of preequilibrium emission increases with the violence of the colli
sion; the calculation would say that more nucléons are emitted, the average lab. kinetic 
energy removed per nucléon remaining roughly constant, around 22 MeV. About 2o% 
of these nucléons are emitted backward in the lab. [Z5% in the cm.), whatever the 
impact parameter. If we compare now the calculated and measured recoil velocities, we 
observe a good agreement for incompletely damped DIC (up to & = 30° in Fig 2), but 
for more central collisions the experimental values are lower than the calculated ones. 



b=5.5 fm mean value 1 u 
ZlMF 13.9 1 3.15 

Vrtl 3.16 cm/ns ] 0.46 cm/ns 
&IMF -26.6° j 9.9° 

Table l: Parameters of the calculated distributions of Zi\tF,vret,ô{MF- for 6 = 5.5 fm 
at t = 300 fm/c. 

Several reasons can explain this difference; first, experimentally, are selected those cen
tral collisions i i which an IMF is emitted. If the IMF multiplicity is smaller than one 
this may bias the experimental results. Another explanation could arise from the esti
mate of the preequilibrium emission by the calculation: experimental results on protons 
emitted in coincidence with heavy residues during these collisions, once subtracted an 
isotropic component assimilated to heavy-residue evaporation, show also a disagreement 
with some characteristics of preequilibrium protons given by the calculation [8). This 
discrepancy may take its origin in either the approximative character of the nucleon-
nucleon effective interaction used in the calculations or in some underestimation of the 
nucléon mean free path. 

One point to underline now is that all comparisons were made on average values. 
Experimentally of course we know that,for example, the relative velocity exhibits an 
angle-dependent spectrum. From the theoretical side, a recent study of dispersions 
around mean values has been performed in our semi-classical framework [9]. It was 
shown that estimates of dispersions can be obtained by restoring classical many-body 
correlations. The mean field correlations of the propagating test-particles introduced 
in the simulation account for the main contribution to the dispersions. The standard 
deviations of the relative velocity and of the charge and emission angle of the light 
fragment emitted for & = 5.5 fm are given in table 1. It turns out that these observables 
are weakly correlated together and that the widths are quite large. This feature is 
characteristic of the strongly damped processes in heavy ion collisions. The widths of 
these primary distributions cannot be directly compared with final experimental ones 
obtained after deexcitation. However the broadness of the relative velocity distribution 
{o>r.p = 0.62 cm/ns for 8IMF = 30°) supports qualitatively the large value reported in 
the calculations. 

The last point concerns cross sections. Following the calculations, the heavy frag
ment (from incomplete fusion or DIC) has a lab velocity larger than the experimental 
threshold for collisions up to b = 8 fm. This corresponds to a cross section of 1780 mb. 
Experimentally, the inclusive cross section for heavy fragments, Including fission follow
ing incomplete fusion, is 1450 ± 250 mb; Then the calculation not only gives a good 
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dynamical description of the reactions, but estimates also correctly their probability of 
occurence. 

In summary, through IMF studies, both experimental and theoretical investigations 
on heavy-ion reaction mechanisms around E/A=30 MeV show that highly dissipative 
processes are still present: namely incompletely damped DIC at intermediate impact 
parameters (5 fm < b <. 9 fm) and incomplete fusion reactions for central collisions. 
These dissipative collisions are preceded in a first stage by preequilibrium particle emis
sion which increases with the degree of dissipation of the reaction. 
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Figure 1: *°Ar -f-108.4^ collisions at 27.4 MeV calculated with the Landau-Vlasov equa
tion for several impact parameters. The lines represent equal density levels in the (x, z) 
plane, from 80% to 1% of the full density- The z axis is vertical. Times are expressed 
in fm/c. 
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Figure 2: Evolution of the relative velocity of the fragments and of the recoil velocity 
of the system before splitting as a function of the lab. emission angle of the light 
fragment. The results of the calculation for different impact parameters are compared 
with experimental data. The quoted limits of ZistF concern only experimental data. 
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