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Abstract

The dynamics of violent collisions were studied for the 411Ar + natAg system
between 27 and 57 Me V/u. The persistence of binary dissipative collisions over this
energy range was demonstrated. They are accompanied by preequilibrium emission,
the abundance of which increases with the violence of the collision, and with the
incident energy. The evolution of the damping of the relative motion with the
emission angle of the light partner is compared with the predictions of dynamical
calculations, which brings information on the nucléon-nucléon cross section in the
nuclear medium. Finally a limitation of the thermal excitation energy is observed,
through the saturation of both the temperature (7 MeV) of the heavy partner and
the multiplicity of light charged particles that it emits.

1 Introduction

The knowledge of the dynamics in heavy ion collisions has proved to be a powerful
tool to get information on fundamental properties of nuclear matter, provided that the
experimental results can be compared with the predictions of theoretical models.

In a very detailed study of the Ar-i-Ag system at 27 MeV/nucleon for instance, we
were able to demonstrate that the two nuclei fuse in central collisions, and undergo
a deeply inelastic collision for mid-peripheral and peripheral collisions; in both cases
occured the emission of preequilibrium particles, increasing with the violence of the
collision *• * . We could moreover determine the excitation energy sharing between
the two fragments of the binary collisions, and then derive the energy relaxation time .

We present in this contribution results on the same system at higher energies, in order
to test for possible changes in the intervening mechanisms, and to search for eventual
limitations in excitation energy or temperature.

1On leave from: Institute of Experimental Physics, 00-681 Warsaw,Poland
2Present adress: GUEPE, Université de Genève, 1231 Conches, Switzerland
3Present adress: Konan University, Higashinada, Kobe 658 Japan



2 Experiment

44 and 57 MeV/nucleon wAr beams accelerated by GANIL bombarded a 200 fig/cm?
natAg target. The experimental set-up, presented in Fig 1, comprised four kinds of
detection ensembles:

- low resistivity silicon detectors, 60 to 100 p. deep, coupled to a time of flight
measurement with respect to the cyclotron RF, gave masses and energies of heavy
residues (HR). They are located on the left hand side of the figure, in or above the
horizontal plane, between 10 and 60°.

- All other ensembles comprised CsI(Tl) scintillators and therefore identified light
charged particles (LCP); all CsI belong to the PACHA array, and were 33 mm deep.
Ten of them were located backward, at 120 and 160".

- thin Si detectors (4.QfJ. up to 30°, 10ft backward) were placed in front of six of the
scintillatofs, to form telescopes and identify intermediate mass fragments (IMF). They
were located in the horizontal plane, on the other side of the beam with respect to the
HR detectors.

- The 26 other ensembles were Nel02-CsI phoswichs intended to separate IMF from
LCP.

The detectors were positioned in order to explore a large fraction of space; most
of them were located in the horizontal plane, or at 10 or 20° from it on the meridian
of a 40 cm radius sphere. The others were in a vertical plane containing the beam
axis, or at 10" from it on a meridian. The angles of the chosen meridians with respect
to the beam, measured in the horizontal and vertical planes were 10, 20, 30, 45, 60,
70, 120 and 160°. Time signal= with respect to the cyclotron RF were recorded for
all detectors. Singles (scaled down) and coincidences of all kinds were recorded at the
same time. Coincidence events were triggered by detectors located in the horizontal
plane; in the following data from detectors in or close to this plane will be called "in-
plane", while those from detectors situated in or close to the vertical plane will be
labelled "out-of-plane".

Detection thresholds were 0.6 cm/ns for heavy residues, 3 (4) MeV for protons (a
particles); for IMF they depend on the detection ensembles and they are listed below,
in MeV/nucleon.

Fragment Z
Si-CsI

Nel02/CsI

e <3o°
7
4

14
8

0>45°
3

1.5-2
3

12
4
6

Absolute cross sections were calculated from target thicknesses, integrated charge
collected by the Faraday cup and dead-time measurements. Relative solid angles of
all detectors were measured with radioactive sources and normalized on one of them
which was precisely collimated. The uncertainty on the normalization is estimated at
10-15%.



Figure 1: Experimental set-up. The arrow indicate the beam direction.

3 Cross-sections and multiplicities

3.1 Heavy residues

In a velocity-mass plane two groups of nuclei appeared as clearly separated; the first
one had masses lower than that of the projectile and relatively high velocities. "Heavy
residues" were defined as the other group, with velocities lower than the center of
mass velocity, and they fulfilled the condition: V///Z(CTO/TIS) < Q.Q5Mnn- A further
selection will appear in some of the next sections, based on the parallel velocities of
these residues, which were separated in three zones: VHR// < 1., 1. < VHR// < 1.6
and VHR// > 1.6cm/ns; this was done in order to classify the studied reactions versus
the violence of the collisions, the slower residues being associated to the less violent
collisions.

The cross-sections of the heavy residues are listed in table 1, where one can see that
they are not very sensitive to the incident energy between 25 and 60 MeV/nucleon.
They are in perfect agreement with the measurements made on the same system be-
tween 35 and 60 MeV/nucleon by Bizard et al . These authors have shown that



the HR cross sections double when the detection threshold is lowered from 0.5 to 0.3
cm/ns, this lower value still excluding the more peripheral reactions. We can therefore
infer that for this intermediate mass system, up to 60 MeV/nucleon, about 70% of the
reaction cross section involve collisions in which a heavy residue is produced.

E/ A MeV/nucleon
ffHR (b)

07.1/F (b)
measured

total

Mb)

27
1.4± 0.2

1.9± 0.3
3.9± 0.6

4.0

44
1.42± 0.16

2.44± 0.3
5.3 ± 0.7

4.2

57
1.28± 0.15

1.81± 0.2
5.6 ± 0.8

4.3 I

Table 1: Singles cross sections. For heavy residues the velocity threshold is 0.6 cm/ns. The
27 MeV/nucleon data are from ^ . The last line gives the reaction cross section.

3.2 Intermediate mass fragments

For intermediate mass fragments, we proceed in two steps: first we perform the integra-
tion from 10 to 180° which gives the measured cross section; it concerns the elements
from Li to P (Z=3-15). For those elements, we extrapolate exponentially down to 0°
to get their total cross section; then we add that for S and Cl obtained from the value
measured in the detector located at 10° and extrapolating between O and 10" with the
exponential slope taken from *" . The total cross sections for IMF with Z between 3
and 17 so obtained are given in the third line of table 1. At 44 and 57 MeV/nucleon
they are 25 to 30% higher than the reaction cross sections, indicating already that part
of the events involve multifragment emission.

3.3 IMF multiplicities

Total multiplicities of IMF were measured with respect to heavy residues, and also
to another IMF; results are indicated in table 2. It was found that the multiplicity of
IMF in coincidence with heavy residues is equal to 1, independent of the violence of the
collision, at 44 and 57 MeV/nucleon; on the contrary, at 27 MeV/nucleon. we had found
a lower multiplicity for the most violent collisions, where the IMF had been emitted by
a fusion nucleus •* . The results at higher energies indicate that the binary character
remains dominant for mid-peripheral collisions. For the more violent ones, the increase
of the multiplicity may be due either simply to an increase of the excitation energy of a
fusion nucleus, favouring more IMF emission, or to a change in the mechanism, binary
collisions replacing incomplete fusion reactions; we will come back to this point in the
following section.

IMF-IMF multiplicities have been determined from the coincidences between Si/CsI



telescopes and the phoswiches. The results are relative to coincidences between one
IMF with Z larger than 8 and another IMF with Z between 3 and 18. The values so
obtained increase from 1.5 to 2.2 when the incident energy increases from 44 to 57
MeV/nucleon.

From these two kinds of multiplicity measurements, we tried to estimate the cross
section of multifragment emission; it was deduced from the equation.

VIMF — VHR * MHR-IMF + GIMF-IMF * (MIAJF-IMF + I)5

keeping however in mind the experimental limitations, especially the HR velocity
threshold. In order to give results with the less possible bias, we deduced from the
HR-IMF coincidence data the average QIMF corresponding to a HR velocity equal to
0.6 cm/ns, which is 7° at both incident energies. The value of <r/j\/f injected in the
above equation was therefore limited to the angular range 7-180°, and amounts to 2.91
(2.2) barns at 44 (57) MeV/nucleon.

E/ A MeV/nucleon

zone 1
zone 2
zone 3

MI^F-IMF
VmM-! (b)

27

L0± 0.1
1.1= 0.2
0.7± 0.2

44

1.0± 0.1
0.95= 0.1
0.95± 0.1

I 1.55- 0.10
- 0.6± 0.1

57

0.9± 0.1
0.95= 0.1
0.95= 0.1
2.2= 0.15
0.32± 0.16

Table 2: IMF multiplicities associated with different triggers. The last line corresponds to
the deduced cross section for multifragment emission .

The cross section for multifragment emission so deduced represents 10-15% of the
reaction cross section; These values are in good agreement with the results of ® on the
La + Al, Ca systems between 35 and 55 MeV/nucleon, where the cross sections for
multifragment emission never exceeds 20% of the binary one.

4 Dynamics of the reactions

4-1 Experimental results

When studying the coincidence events between a heavy residue and an intermediate
mass fragment at 27 MeV/nucleon, there were three arguments which convinced us"
that we were dealing with dominantly binary processes *' ^ . The first one was the
strong coplanarity of the two fragments, with a factor of 10 between the in-plane and
the out of plane data. This factor is reduced down to about 3 at higher energies.

The two other arguments still hold firmly up to 57 MeV/nucleon; one is the shape
similarity of the IMF spectra at all angles, be they measured in singles or in coinci-
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Figure 2: Angular correlation of the heavy residues
measured in coincidence with different IMF, for two
values

dence with residues, which shows that the coincidence requirement does not imply any
selection in the IMF properties. The other feature is the in-plane angular correlation
of heavy residues associated with IMF with different Z (figure 2): they exhibit a bell
shape, and the value of the most probable angle is shifted towards larger angles when
the IMF becomes heavier, which is a well-known effect in binary processes such as
fission.

Considering moreover that we have on the average one IMF associated to one
heavy residue, we performed at 44 and 57 MeV/nucleon the same analysis as at 27



MeV/nucleon ^ ; let us remind that we assumed:
- a binary splitting of a system recoiling in the beam direction after preequilibrium

emission.
- that the two excited fragments keep, in average, their velocities after the evapora-

tion step. We thus worked only on mean quantities.
For each Z/i/p, at each value of S/MF, we determined the most probable value of

QHR, and those of VIMF and V^R in this angular configuration. Then we calculated
the relative velocity of the two partners and the recoil velocity of the system after the
preequilibrium step. The values so found are little dependent of ZIMF, for a given
GIMP- We reported on fig 3 the values of vrci and vreco,-{, averaged over all the ZJKIF
(without pondération by each IMF cross section), as a function of the emission angle
of the IMF. To facilitate the comparison of the results at the three incident energies,
the values of vrei were plotted as (vrei — vc}l("vpr0] — VC), with the Coulomb velocity
Vc = 3 cm/ns, and those of vreco,i were normalized on that of the initial center of mass
velocity.

The behavior of vrei is the same at the three incident energies, showing a gradual
damping of the relative motion when ÔI.MF increases and therefore indicating that
we are selecting more and more central collisions; the Coulomb velocity is reached
around 20-30° at 27 and 44 MeV/nucleon and probably around 15° at 57 MeV/nucleon.
This evolution signs the persistence of strongly dissipative binary processes up to 60
MeV/nucleon for this system.

The values of vreco,i aie reported on the bottom part of fig 3. It was stated that any
deviation of the ratio vreco,i/vcm from 1 indicated the occurrence of preequilibrium emis-
sion. We observe no preequilibrium emission for the more peripheral collisions; then
Vrccoii decreases when UIMF increases, faster for the higher incident energies, showing
the growing emission of preequilibrium emission with the violence of the collision. At
the IMF angle for which the total damping is first reached, the recoil velocity is ap-
proximately 70-80% of the center of mass velocity. For larger &IMF, vTecon remains
constant at 27 MeV/nucleon but continues to decrease at higher energies. The exhaus-
tive analysis of the data which was performed at 27 MeV/nucleon led us to conclude
that when the IMF was emitted at large angles, it had been evaporated by a heavy
nucleus resulting from an incomplete fusion reaction * . If we assess that we are still
observing incomplete fusion processes up to 60 MeV/nucleon, the values of vrecm\ would
indicate a very large increase of the preequilibrium emission. It will be shown in the
next section that there is probably no more fusion above 40 MeV/nucleon. Therefore
in the light of the IMF-IMF multiplicities given in the previous section, an explanation
of the very low values.of vrecmi would be that we are observing in that case, with a low
cross section, incomplete events in which more than one IMF is associated to a heavy
residue.
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Figure 3: Evolution of the relative velocity of the two partners -HR
and IMF- (top) and of the recoil velocity of the system before splitting
(bottom) as a function of the laboratory emission angle of the IMF.

4-2 Comparison with a dynamical simulation: information on the nucléon-nucléon
cross section.

As was done at 27 MeV/nucleon, we hoped to gain more knowledge on the intervening
mechanisms by comparing our results with dynamical simulations based on the Landau-
Vlasov equation * . It was indeed confirmed that the central collisions (up to b=5
fm) lead to incomplete fusion reactions, while binary processes dominate for peripheral
collisions. The mean field is still very strong at this energy, and binary processes
are characterized by a large rotation of the system, the trajectories of both partners
crossing the beam direction. When the incident energy is increased, the nucléon-
nucléon collisions gain influence over the mean field, and one of their effects is to
prevent the rotation of the system. Therefore the confrontation of our results on the
dynamics of the binary processes with the simulations should bring some information
on the nucléon-nucléon cross section, crnn, in the nuclear medium, which is far from
being known at the present time. An interesting comparison with results deduced from



flow measurements can be done.
In the simulation that we present, the mean field was approximated with a Gogny

force '• ° , which is a momentum-dependent finite range force more sophisticated
than the Zamick force used before in . The value of the nucléon-nucléon cross
section was taken equal to the free one, with its energy and isospin dependences,
multiplied by a coefficient that was varied between 0.5 and 1.2. An especially interesting
variable for comparing experiment and calculation was the evolution of the relative
velocity of the two partners, when they exist, versus the emission angle of the light
one, 9iMf-. Preliminary theoretical results are presented on fig 4, which do not involve
any experimental filter; rather reliable quantitative information should then be derived.
Each calculated point results from the simulation at a given impact parameter; the
explored ranges were 5-8 fm at 27 MeV/nucleon, 1-8 fm at 44 and 57 MeV/nucleon.
As already stated in ^ a striking effect is immediately visible, which is the importance
of the collision rate in the damping of the relative motion: if the free crnn is lowered by
nearly a factor of two, the complete damping of the relative motion is never reached,
whatever the incident energy, and a transparency effect can occur at highest beam
energies for the more central collisions. Note that the mean field is still strong enough
to induce a rotation of the system beyond the beam direction, all calculated angles on
fig 4 being negative, even at 57 MeV/nucleon; no fusion is however observed for the
more central collisions, at least down to b=l fm, at 44 and 57 MeV/nucleon. A rather
good agreement between the calculated and experimental evolutions of vrei versus &IMF
at all energies is obtained with 0.8— 1.2*0v,n, when the theoretical results exhibit mainly
a binary behavior indicated in fig 4 by full symbols.This is close to what can be derived
from flow measurements for different systems ° . For the more central collisions, the
processes which depart from binary ones are characterized by open symbols. In that
case global trends are given ,in fact they can lead to fragment distributions with widely
spread relative velocities and emission angles.

It should also be underlined that, in the simulation, the velocity of the system after
the preequilibrium step for the more central collisions never reaches values lower than
0.87 (0.71) times the center of mass velocity at 44 (57) MeV/nucleon, which corresponds
to the experimental values when the relative motion is just damped. This could support
the assumption that when we experimentally observe IMF at more backward angles for
incident energies larger than 40 MeV/nucleon we are no longer dealing with a binary
process and the deduced very low recoil velocities are not realistic. As stated before,
for low impact parameters, a binary collision followed by a subsequent break-up of the
light fragment is observed in the simulation.

5 Temperature limit

Light charged particles have been measured in coincidence with heavy residues on a
large spatial range; the results commented on here cover from 45 to 290" "in-plane",
and 70 to 160° in the perpendicular plane, the HR being detected at 350 and 340". The
latter have been divided in three groups, as explained in section 3, in order to follow
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the characteristics of the studied variables versus the violence of the collision. Some
examples of the angular distributions of a particles are shown in fig 5. This selection of
particles emitted backward insures that they are mostly emitted by the heavy residue,
just for kinematical reasons.

CV2

10'

C
"O

Ar + Ag E/A = 44 MeV

c 0 =-10° Zone 3
tiK

a 6H =-20° Zone 2
tin

: 10

O 40 80 120 160 200 240 280 320 360
6a lab (deg)

Figure 5: Laboratory in-plane angular distribution of Q particles de-
tected in coincidence with HR at two angles, for two parallel velocity
zones. The solid lines represent the results of a kinematical simulation.

Note the asymmetry with respect to 180° introduced by the detection direction of
the HR: less particles are detected on the same side of the beam as the residue. A
similar but somewhat attenuated behavior is also observed for protons. This is just a
kinematical effect which can be reproduced by a simulation such as the event generator
EUGENE 1^ , as shown by the solid line in the figure. The number of particles detected
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in the perpendicular plane lies between those measured at the same polar angle on both
sides of the beam, which is compatible with an isotropic emission.

In order to get average temperatures of the emitter, the spectra have to be trans-
formed into the reference system of this emitter; as the HR angular distributions are
forward peaked, the initial emitter velocity was assumed to lie in the beam direction,
with a modulus equal to the average HR parallel velocity in each of the three bins.
The transformation was performed only for a particles, as they were the only ones for
which we had proper energy calibrations in the CsI detectors. The spectra were then
fitted with the simple formula:

E oc (E - B) exp(~(E - B)/T}\

the emission barriers B were determined from the spectra at 70" lab. and found
equal to 8-. ± 1. MeV for the three bins. They were injected in the fits of the backward
angles for which the maxima of the spectra were not visible, especially for large VHR-
The temperatures so deduced were found independent of the emission angle of the
particle, in or out of plane, and of the detection angle of the HR (10 or 20°) for a given
HR parallel velocity zone. Therefore the values which are shown in fig 6 are averages
on a rather large number of measurements at different angles, the quoted uncertainties
being the standard deviations on these distributions. They lie around 5.5 MeV for
the first two zones, independent of the incident energy; conversely they are about 1
MeV higher for the third zone, seeming thus to confirm that we are dealing with more
excited residues.

We performed some simulations which showed that the change of reference frame
as we did it led to a slight overestimate of the temperatures at backward angles. The
correction is of the order of 0.5-1 MeV, depending on the recoil velocity of the emitter.
On the other hand the measured values correspond to averages along the decay chain,
therefore the initial temperature should be around 0.5 MeV higher, as was shown
in 1^1 ^ . By taking into account these two effects, the temperature values shown in fig 6
should correctly represent the initial temperatures of the heavy residues. The results
presented here therefore argue in favor of a saturation of the heavy residue temperature
(and thus of the thermal excitation energy) around 7 MeV; Such a limitation can be
expected due to a balance between the short particle emission time at these large
excitation energies and the energy relaxation time " . Indeed these two times become
roughly equal (5 10~23.s) for temperatures around 7 MeV, weak!}' dependent on the
residue mass. This means that if the initial excitation energy would correspond to
a higher temperature, a statistical equilibrium could not be reached, and the spectra
would not exhibit evaporation maxwellian shapes. No high energy tail appear in the
backward angle a spectra. However such a tail is clearly visible, with a low cross
section in the proton spectra at the same angles, which could possibly reflect this
non-equilibrium emission.

By integration of the angular distributions, the multiplicities can be obtained. They
were measured for a and also for H isotopes, as the uncertainty in the energy calibration

12
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has a small effect on the energy integrated cross sections. The results are shown in fig 7,
where one observes a saturation of all multiplicities of evaporated particles above 40
MeV/nucleon. This confirms the temperature data on the saturation of the excitation
energy.

Finally, as mentioned before, the a particle angular distributions are compatible
with an isotropic emission. Indeed, at 27 MeV/nucleon quite a strong anisotropy had
been observed for a particle emission. As neither the temperatures nor the average
emitter mass change significantly, one has to infer that the angular momentum of the
HR is much lower at 44 and 57 than at 27 MeV/nucleon. This is exactly what is
predicted by the Landau-Vlasov simulations described previously: at 27 MeV/nucleon
the HR angular momentum exhibit a bell shape, with a maximum reaching OQh for
b=6 fm. Conversely at the two higher energies the angular momentum transferred to
the fragments is much smaller, the HR spin is around 20ft, constant from b=3 to b=8
fm.

6 Conclusion

In this contribution we have shown that for the intermediate mass system Ar-I-Ag, bi-
nary processes represent a large part of the reaction cross section up to 60 MeV/nucleon

13
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Figure 7: Multiplicities of H isotopes (top), and of a parti-
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symbols are the same as in the previous figure.

(accompanied by preequitibrium emission). Correlatively, multifragment emission never
exceeds 10-15% of the reaction cross section. A complete damping of the relative mo-
tion is observed at all energies. Comparisons with dynamical simulations confirms the
experimental conclusions on the dynamics, and give information on the value of <rnn in
the nuclear medium which should lie around ~ 0.8 - 1.2 <rmi/>ec

A saturation is observed for both the temperature (7 MeV) of the heavy residues
and the multiplicities of light charged particles that they evaporate. This is compatible
with the existence of a temperature limit due to the balance between the relaxation
time and the particle emission time.

When the excitation energy becomes large, the use of finite size detectors introduces

14



biases which make the analysis more complicated. We hope that refined information
will be obtained with the help of the new 4~ multidetector INDRA which will overcome
this drawback while retaining the excellent identification and low thresholds qualities
of small detectors 1^ .
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