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VIOLENT COLLISIONS BETWEEN IONS AS HEAVY AS KRYPTON AT GANIL AND GSI

G. RUDOLF

Centre de Recherches Nucléaires, BP 20 CR, F-67037 Strasbourg
Cedex, France

Résumé - Des résultats récents obtenus pour des collisions violentes entre
un faisceau de masse &levée (A X 100) et des cibles de masse comparable sont
expos€s. Jusqu'd 20 MeV/u, le mécanisme est essentiellement celui des colli-
sions profondément inélastiques, bien que certaines déviations apparaissent.
Au-dessus de 20 MeV/u, certaines données sont interprétdes dans le cadre d'un
mod&le participant-spectateur, mais en tenant compte des effets de champ
moyen qui restent trd@s importants. A 35 et 44 MeV/u, ces mécanismes permet-
tent d'atteindre des températures telles que la multifragmentation devient
possible.

Abstract - Data from violent collisions between heavy (A R 100) beams and
targets of comparable mass are reviewed. The deep-inelastic mechanism domi-
nates up to 20 MeV/u, although some departures are already noticed. Above
20 MeV/u, some data have been interpreted in the frame of a participant-
spectator model, but taking in account mean field effects which are still
important. At 35 and 44 MeV/u, such mechanisms allow to reach temperatures
where the multifragmentation becomes possible.

I - INTRODUCTION

Since heavy ion beams have become available, two bombarding emergy regions have
mainly been explored:below E/A = 10 MeV/u where one observes collective phenomena,
and above E/A = 100 MeV/u where nucleon-nucleon interactions dominate. The inter-
mediate energy region has only recently begun to be investigated. Projectiles with
mass A 2 100 can be accelerated at GSI (E/A < 20 MeV/u) and at Ganil (E/A < 50 MeV/u
for such heavy beanms).

The very first results obtained at Ganil with a Kr beam showed events indicati-
ve of a tremendous relaxation (1) : indeed only fragments with small Z values and
low velocities had been observed in the Kr + Au reaction at 35.5 MeV/u (Figs. 1 and
2) . These data had been measured at angles larger than the grazing angle.

They appeared completely different from the first results which had been obtai-
ned previously with an Ar beam (2) : in the Ar + Ni and Au reactions at 44 MeV/u,
fragments with Z values equal to or smaller than the beam one and velocities close
to that of the projectile dominated the energy spectra measured at 3°.

Since than, data measured over a broad angular range showed that the difference
is much less dramatic. For example, Fig.3 illustrates that, in the Kr + Au reaction
at 44 MeV/u, fragmentation-type events as well as fragments relaxed in Z and velo~
city are emitted (3).

If no difference between Kr and Au induced reactions existed, the Ar beam would
be, at Ganil, more attractive than the Kr one : indeed, Ar can be accelerated up to
60 MeV/u, while Kr only up to 44 MeV/u. Moreover, the Kr beam was not, until recen-
tly, of the "push button" type, although of good quality.

The aim of this paper is to explain why experimentalists prefer occasionally
Kr or other mass 100 beams : the best way to do this is to present some results
obtained with these beams. The aim of my introduction - emphasizing the difference
between the very first data gained with Ar and Kr projectiles - was to imdicate
you which is the main philosophy of the paper: mass100 ions induced reactions are
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main mechanisms are observed in heavy ion
reactions : fusion and deep inelastic
collisions. Fusion is not seen for systems
of total mass larger than 300 a.m.u. (4).
On the other hand, mass 100 ions are very
stable against fission when compared to
much heavier ones. They are therefore good
projectiles to study deep inelastic reac—
tions, and certainly also to follow the
evolution of this mechanism in the transi-
tion region opened by Ganil.

Fig.3 -Atomic numbern distributions integr-
ated over the angular hange report-
ed in the figure (grom Reg.3).
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IT a - DEEP INELASTIC COLLISIONS AT LOW BOMBARDING ENERGIES

Deep-inelastic collisions are quite fascinating. We have learned through them
that two heavy nuclei. can stick together for a rather long time : 10720 sec or $0.
During this time, they exchange many nucleons, transform as much kinetic energy as
possible into excitation energy, equilibrate their temperatures and deform conside-
rably before reseparating; these are the features, among all those which have been
studied, which will retain our attention in the following.

II b - THE NUCLEON EXCHANGE PROCESS UP_TO 20 MeV/u

The evolution of the nucleon exchange process has been studied by Gralla et al.
(5). These authors have measured the 92Mo + 92Mo and 100Mo + 100Mo reactions between
12 and 18.8 MeV/u. The fact that the two ions are identical allows to test if the
reaction is still of two-body nature (see section II e). It is then possible, by
measuring the time of flight of both reaction partners, to obtain primary charge
and mass distributions, and hence moments for them which are little disturbed by
the light particles evaporation.

Charge and mass varilances increase with increasing energy loss : this proves
that, when the two nuclei come to contact, the potential barrier between them va-
nishes, a window opens and the nucleons, through the Fermi motion, pass this window
in both directions (Fig.4). It has be shown (6) that 0% is approximatively equal to

Fig.4 - Nucleon motion before the deep inelastic reaction la)
and during it (b).

the total number of nucleons which have passed the window.
Fig.5 shows that tremendously high values of 0% are observed at 18.8 MeV/u :
they indicate that more than 1000 nucleons can be exchanged.
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The increase of maximum Ug with the bombarding energy may indicate an increase

of the interaction time. In Ref.5) it is .suggested that it is due, rather, to the
increase of the temperature of the dinuclear system. This assumption is based on a
universgal law which has been shown to be followed by all systems at low bombarding
energy (7). When extrapolated to 18.8 MeV/u, it is still followed by the Mo + Mo
systems (Fig.5) : this proves that the mechanism has not changed in its nature.
The consequence of this large number of nucleon exchanges is shown in Fig.6 :
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3 { Fig.6 - Diffusion-plok of binary
& 50 : products formmed in the
& 1 reaction Mo + Mo at
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e o< = the yietd is affected by
5_‘ 200 t - ~e ] geometrical cuts (From
% r ;: -~ t -2 Reﬁ. 8) .
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very broad mass distributions are observed in the fully damped region. They extend
to vanishing values of the mass : this can be interpreted as a kind of "slow fusion"
which is achieved through the sequential transfer of all nucleons from one nucleus
to the other. This mechanism appears, however at temperatures where the system may
no more be stable against multifragmentation (see section II e). But first, we shall
examin some deviations from the classical deep inelastic process which are already
seen at E/A < 20 MeV/u.

II ¢ - THE ONSET OF THREE-BODY MECHANTSMS

Three fragments-events can be observed in a heavy ion reaction either after a
sequential fission or after the fast break-up of one of the partners. In the first
case, the mechanism is still of two body nature, like a deep inelastic collision
(Fig.7). In the second case, the process is a fast three“body mechanism, like those
which are observed at high bombarding energies.

O
G565 ‘@O‘@O

Fig.7? - Schematic picture of a deep {nelastic collision
followed by the {ission of one partner.

This simple picture can be complicated by several factors. First, nuclel are
strongly deformed in a damped collision : this is seen in Fig.6, where one observes
events having a TKE much lower than the Coulomb energy of two spheres. Because of
these deformations, it is quite possible that a neck forms in one of the partners
(or in both) : different scission processes can therefore be imagined (Fig.8).
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Second, deformations modify the potential energy and can induce thereby strong mass
drifts (9) so that final masses do not allow to identify unambiguously the partners
of the first or second scission. Last, strong final-state coulomb interactions modi-
fy the energy and angular correlations between the fragments.

v N
@“@fdp:dﬁ

Fig.8 - Different scission processes Leading to a
three-body final state

The first indication for a three-body break-up was observed in the 86gr + 166p,

reaction at 12.1 MeV/u (10%. This phenomenon was investigatéd in great detail in the

4kr + 160Er ang 129%e + 1225y reactions at nearly the same energy (11). A strong
yield of three-body events was observed. It was shown that they are produced in a
mechanism intermediate between the sequential fission and the fast break-up : indeed,
a time scale of 1.107 sec between the consecutive scissions was established. This
time is large enough to consider the mechanism to be a sequential one, and small
enough to allow a Coulomb final-state interaction to show up.

The effects of this interaction were studied in Ref.ll) as a function of the
azimuthal angle ¢¢ : the relative velocity, the yield and the mean value of the
fission fragment-mass distribution fluctuate.

These features show that we are no more dealing with an equilibrated, sequential
fission following a damped collision. It is also not a fast break-up of the parti-
‘cipant-spectator type seen at much higher energies. Indeed, Fig.9 shows that three-
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body events are associated with the largest energy losses, i.e. with the largest
deformations. From this, we may conclude that deformability can "accelerate" the
second scission.

Recently, a long time scale between the two scissions has been found in the
35¢1 + Ta reaction at 20 MeV/u (12). The low deformability of 33Cl1, when compared
to 129Xe, may explain it.

IT 4 - PARTICIPANTS AND SPECTATORS

It is well-known, at low bombarding energy, that two partners of a damping
collision tend to share their excitation energy so as to equilibrate their tempera-
tures. At high energy, on the contrary, zones of low temperature (the spectators)
coexist with zones of high one (the participants).

Ternary reactions, like those we have seen in the preceeding section, may be a
good tool to observe differences of temperatures between the three fragments :
indeed, during the first dissipative step of the reaction, one fission fragment is
closer to the contact zone than the other. The three cases of Fig.8 correspond then
to the creation of an independant fire-ball (a), partial fusion of the hot zone on
the target (b) or on the projectile (c). Because mean field effects are still impor-
tant at Ganil energies, the two last pictures are quite likely to be observed.
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Various data confirm such ideas. However, the models which have been used to ana-
lyze them present some definite differences with those of Fig.8. First, complete
energy damping is no more reached (12) (see also section II e) . Second, deforma-
tions are not considered, but the existence of a localized zone of participant
nucleons is a crucial ingredient of the models.

As an example, Fig.10 shows the correlation in the (E,A) plane for single events
measured  in the 129Xe + Ag reaction at 23.7 MeV/u (13). The data have been analysed
in the frame of three different models, which are sketched in Fig.ll. In all three
models, the participant zone (PZ) fuses with the projectile spectators (PS). Im
model 1, it reseparates before thermal equilibrium has been reached. In model 2,
equilibrium is reached for the temperature, and in model 3 even for the mass assy-
metry. Grossly speaking, we may think at the second stage of the reaction as a
deep inelastic reaction between the cold PS and the hot PZ (14). Fig.1l0 shows that
model 2 fits reasonably well the data when the additional assumption is made that
PS as well as PZ disappear through multifragmentation when their temperature is
higher than 6 MeV.
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Model 1 is found to better describe the B4Kr + 98Mo and 8%4kr + 197au data (15)
(Fig.12). To explain this obsetrvation, it was speculated that calefaction, a con-
cept well known in condensed matter physics, can be applied also to nuclear physics
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IT e - HIGH TEMPERATURES AND MULTIFRAGMENTATION

Collisions between identical ions allow to test if the mechanism is of two-body
nature : in this case, indeed, primary charge or mass distributions must remain cent-—
ered at projectile value. Fig.6 shows that, even for the largest energy losses, this
is fairly checked in the 92Mo + 92Mo at 18.2 MeV/u when coincidences are selected
by conditions of coplanarity and center-of-mass colinearity. This ensures that, dur-
ing the selected collisions, the observed kinetic energy loss of over 650 MeV is
transformed into excitation emergy. The dinuclear system reaches thereby tempera-
tures of more than 5 MeV, This is confirmed in Fig.13 by the good agreement between
temperatures calculated from the kinetic energy loss and those measured through the
slope of evaporated proton energy spectra (8).

Mass 100 nuclei deexcite preferentially by light particle evaporation. When the
bombarding energy attains 20 MeV/u, one can estimate that up to 30Z of the total
mass is evaporated in fully damped reactions. This réate would of course increase
with the bombarding energy if. full damping can still be reached.

The survival of full damping could be hindered due to various reasons. For
example, when the velocity of the ions becomes greater than the Fermi velocity, the
flux of nucleons through the window (see section II a) may drop. On the other hand,
two body reactions may completely disappear, either through pre-compound patticles
emission, or the formation of separated zones of participant and spectator nucleons
(see section II d).
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Another mechanism may put an end to the increase of energy deposit during a
heavy ion reaction. Indeed, multifragmentation has recently been predicted to occur
when the temperature of a nucleus attains about 6 MeV (16).

Experimental hints for this mechanism are based on the observation of intermed-
iate mhss fragments in various experiments. Almost all data in this field are incl-~
usive : quite few coincidence measurements have been reported and only at
E/A £ 20 MeV/u (12). At Ganil, inclusive fragment-measurements have been performed
for several 35 MeV/u Kr-induced reactions : on 27A1 (17), 93Nb (18) and Au (3, 19).
While, in the first reaction, an equilibrated composit system seems to have been
formed (17), the two others reveal the coexistence of different mechanisms. This
is illustrated in Fig.l4 where two groups of fragments are observed at angles
smaller or larger than the grazing angle (see also Fig.3).
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Fig.14 - Mean velocities of fragments
compared to projectile
velocity Vp
{From Ref.18).

More recently, coincidences between Z = 8 ~ 36 fragments emitted in forward
direction (6 = 3° to 30°) have been measured for the Kr + Au reaction at 35 and
44 MeV/u (3). In Fig.15 is shown the E}.3 spectrum. Ej).7 is the difference between
the relative energy of the two fragments and their Coulomb repulsion. The absence
of counts below E;el = (O shows that the fragments are not emitted sequentially by
a single nucleus. Rather, it appears that they are either emitted in close contact
(Efe1 = 0) by the same source, or that they originate from two sources (Egey >> 0),
the relative velocity of which increases with the bombarding energy.

The fragment velocity spectra corresponding to these two kinds of coincidences
are shown in Fig.l6. Three components appear : fast fragments (V/V, ™ 0.9) are in
coincidence with slow ones (V/Vp < 0.7), while the fragments with E:el = 0 have
a broad velocity spectrum with a maximum around V/Vy = 0.6.

The fast-slow coincidences (Fig.16a) can be interpreted in the framework of the
ablation-abrasion model (20) : projectile spectators, whose velocity has been
slowed down to 0.9 V_ by the separation of the participant nucleons, are detected
in coincidence with %ragments emitted by the participant zone. The velocity of this
later source is predicted to be equal to 0.35 Vp, due to the fact that projectile
and target do not contribute equally to it.

The source with velocity 0.6 Vp evidenced in the Efe1 = 0 coincildences (Fig.16b)
is not predicted in this model. Therefore, one can try to interprete the whole set
of data with the mechanisms sketched in Fig.1l. When, in the first step of any of
the three models,as muchas 50 nucleons are transfered from the target on the pro-
jectile, the velocity of this composite 1s equal to about 0.6 Vp. If the energy is
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shared over all the nucleus (model 2 or 3), its temperature attains 8.5 MeV. If this
hot nucleus undergoes multifragmentation, it will emit fragments which may be detec-
ted in the E .y = 0 coincidences. Inversely, one can imagine that the nucleons are
transfered on the target. More than 30 nucleons have to be transfered this way to
accelerate the target—composite sufficiently to allow fragments emitted by it to be
detected in the set-up. It happens that, at the same time, its temperature becomes
larger than 6 MeV : it may therefore emit fragments which we detect as slow ones,

in coincidence with the remainder of the projectile (Fig.l6a).
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Fig.16 ~ Velocity spectra of fragments detect-
ed in selected coincidences.

Linear momentum transfer, as we see, is a crucial quantity to explain these data.
The underlying mechanism may be the interaction between the participant zone and one
of the two spectators zones like in Fig.ll, but also multinucleon transfer or
perhaps even a dissipative collision like in Fig.8, While kinematics are insensitive
on the choice of the model, temperatures and therefore the rate of evaporated par-
ticles depend strongly on it. This fact was used in Refs.13 and 15 to distinguish
between the models in Fig.ll. At bombarding energies as high as 44 MeV/u, this is
no more possible. Coincidences between heavy fragments have the great merit to
select different types of collisions, but essentially collisions in which high tem~
peratures are attained. Light particles emitted during these collisions have to
be detected to allow a direct measure of the temperature (Fig.13) and an estimate
of the primary masses, Heavy nuclei produced by the sequential fission (Fig.7) of
the target have already been measured; preliminary data show that most of them are
detected in coinéidence with a quasi-projectile, and not with the above described
coincident fragments, confirming that these are produced in very violent collisions
19).
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ITTI -~ CONCLUSION

Deep inelastic reactions have been observed between mass 100 ions up to 20 MeV/u.
Deformations, however, increase the fission probability of the partners and shorten
their life-time, giving rise to a cross section for a non-equilibrated three body
mechanism. This mechanism, which has a 10~21 sec characteristic time scale at
12 MeV/u, is nethertheless quite different from fast break-up.

Above 20 MeV/u, multifragmentation sets probably in because the temperature of
the partners can exceed 6 MeV. Direct measurement of temperatures close to 6 MeV in
a deep inelastic reaction has been realised slightly below 20 MeV/u by selecting two
body events in collisions between identical ions. Such an experiment is &§till possi-
ble at a somewhat higher energy, and may allow a measure of the limiting temperature
for multifragmentation.

Around 25 MeV/u, participant-spectator models including collective nuclear mean-
field effects have been used to interprete singles data. They showed that concepts,
borrowed from condensed matter physics, may be applied to nuclei. Exclusive experi-
ments are now needed to confirm these ideas.

Below 35 MeV/u, Coulomb final state interactions may jumble somewhat the corre-
lations measured in fragment-coincidences. At 44 MeV/u, on the contrary, it has
been possible to separate components corresponding to different sources. Only two
of them can possibly be understood in the frame of a participant-spectator model.
All three can be explained by mechanisms involving a large energy damping. More
investigations are needed to elucidate the nature of this mechanism.
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