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ABSTRACT
After a brief description of the INDRA detector and of our scientific program, some first results will be

discussed, on the Ar + Ni system for incident energies ranging from 32 to 95 MeV/A. A slow evolution
from incomplete fusion up to a total vaporization of the system could be deduced from IMF, Z, and :
distributions. A threshold of excitation energy to vaporize the system is deduced.

1. Introduction

It is now well established that multi-fragment emission is an important decay channel
for strongly excited nuclear systems, formed in heavy ion collisions at intermediate
bombarding energies (10 s Ei s 100 MeV/A)l*. In order to disentangle between the
different scenarii, precise and systematic experimental measurements are clearly needed
to characterize and to study this disintegration process. The 4TC multidetector INDRA
was designed for such studies and has been available for experiments since the begin-
ning of 1993.

In the first part of this paper, the detector will be briefly described and our scientific
program presented. Then, some results will be discussed on the Ar+Ni system at differ-
ent incident energies.



2. The detector and the scientific program
2.1. The detector

Indra is a 4rc detector for charged products 7>8. It has an axial symmetry and its high
granularity (336 independent modules organized in 17 rings) associated to its geometri-
cal efficiency (90% of 4JC ) allows a very efficient detection of high multiplicity events.
The first ring is made of 12 rapid plastic phoswiches and was designed to accept high
counting rate, since it covers forward angles ( 2°-3°). From 3° to 45°, each module is a
three member telescope made of an ionization chamber (for the detection of slow frag-
ments ), a 300 \im silicon detector (for the detection of fast fragments), and a Csl crystal
(for the detection of fast fragments and of light charged particles). At larger angles (45°-
176°), fast heavy ions are not expected and the silicon detector was removed from the
module. Very low energy threshold have been obtained as well as charge resolution up
to Z=60. For light particles (Zs 3), a mass separation is also achieved.

The treatment of the signal is performed through specifically designed modules, most
of which being in the new VXIbus standard. This electronics allows to cover a huge dy-
namics (from 1 MeV to 5 GeV for the silicon detectors) and to fully remote control the
detector.

2.2. The scientific program
Our program is mainly devoted to an exhaustive study of the decay of hot nuclear

systems by multifragmentation, that is the search for the transition from a sequential de-
cay to a simultaneous one. Some theoretical investigations propose different models for
such a process9.

Dynamical calculations predict multifragmentation as the result of a strong compres-
sion phase in the early stage of the reaction, for the more central collisions . The hot
system then expands and is predicted to enter a mechanical instability region (the so-
called spinodal region), connected to the existence of a liquid-gas phase transition for
nuclear matter. If the system remains long enough in this region, a prompt multifragment
disassembly is then expected. Such a process, for light systems, is predicted to occur for
intermediate incident energies (~ 40 - 60 MeV/A). On the other hand, and for very heavy
systems, Coulomb instabilities are predicted to enhance the expansion. Then, multifrag-
mentation could occur after a more gentle compression step, and consequently, at lower
energies (~ 25 MeV/A)13'14. Exotic shapes such as bubbles, donuts, or disks are then ex-
pected to be formed before the multi-fragment emission13*16.

Statistical models are also proposed by J.P.Bondorf et al.17 and by D.HJE.Gross et
al.18 which predict an increase of the fragment emission probability with increasing ener-
gies.

The second part of our program consists in nuclear flow studies. A description of this
program will be found in the D.Cussol et al. contribution to this conference.

Up to now, two sets of experiments were performed. The first one ended IS months
ago, while the second one just ended at the end of July 1994. We choose to study the
problem of multifragmentation by means of four different approaches which are summa-
rized in Table 1. The first one consists in varying the size of symmetric systems, at dif-



ferents energies. It is then possible to study the importance of the mean field by studying
all differences from scaling laws, when the size of the system changes. The second ap-
proach consists in studying different systems with the same total mass in order to learn
about entrance channel effects. The study of light systems can be made on a large range
of incident energies at Ganil. For the Ni + Ni system, a complementary study from -150

Size effects
Energy
(MeV/A)

3 6AT + KC1 32,40, 52,74
129Xe + Sn 25,32,39,45,50

58Ni + 58Ni 32,40, 52,63,74,
82,90

1 8 ITa+
1 9 7Au 33,39

Heavy systems -
gentle compression

Energy
(MeV/A)

I55Gd + a 8 U 36

I81Ta + 238U 33,39
a 8 U + a 8 U 24

Entrance channel effects
Energy

(MeV/A)

l29Xe + Sn 25,32,40,45,
50

58Ni + l97Au 32,52,63,
74,82,90

Light systems •
strong compression

Vaporization - Flow meas.
Energy

(MeV/A)

36Ar+58Ni 32,40,52,63,
74,84,95

58Ni+58Ni 32,40,52,63,74,
82,90

-> 400 with
Fopiat Sis

Table 1: The systems studied with INDRA.



to 400 MeV/A with the Fopi detector will complete results obtained at lower energies at
Ganil. Moreover, the large range of incident energies allows to make a complete study of
the flow of nuclear matter. At last, very heavy ions systems are studied in order to use
Coulomb instabilities to initiate multifragmentation.

In order to sample the first obtained results, only the Ar + Ni system will be discussed
in the following, because the covered energy range allows to follow the evolution of
reaction mechanisms from 32 up to 95 MeV/A.

In order to reduce random coincidences, a very thin target (193 (ig/cm ) and a very
low beam intensity (~ 2-3 107particles per second) was used. Moreover, a 35 kV high
voltage was applied on the target to reduce the noise coming from the electrons of the
target. Events were registred when at least 3(4) modules fired for the energies 32-74 (84-
95) MeV/A. In these conditions, acquisition dead time was around 20%.

Up to now, all identifications in charge and, for light particles, in mass are available.
The energy calibrations will be available very soon.

3. Experimental results

3.1. Event selection
The analysis of data obtained with a 4n detector needs a careful selection of the "well

detected events". Usually, a selection about the total detected charge (Ztot) is performed
but it leads to filter the physics with the detector efficiency. Another selection will be
then performed.

An important observable in the study of multifragmentation is the number of Interme-
diate Mass Fragments (called IMF in the following), defined as fragments with Zk 3.
Then the selected events will be those for which the probability to detect all IMF is
greater than or equal to 90%.

A very simple procedure was performed in order to search for those "well detected
events", assuming a unique hypothesis : the probability to not detect a particle is the
same whatever are its charge and its production angle. First, we have defined different
bins of multiplicity for all events with a total detected charge greater than or equal to 18
(events with a total charge less or equal to the projectile charge are indeed very badly
detected). It is then possible to determine the Z distribution of these events for each bin.
Events were then built according to the corresponding experimental Z distribution , and
so until the total available charge is obtained. For each simulated event, it is then possi-
ble to attribute a calculated multiplicity. This procedure was repeated 10 000 times for
each multiplicity bin. At last, in order to find again the initial experimental multiplicity,
some particles are considered as not detected. The probability to lose an IMF is then de-
termined.

In fact, for the Ar + Ni system, and for all the studied energies, we have found this
criterion to be equivalent to take a total detected charge greater than or equal to 41, that
is nearly 90% of the total available charge. This could mean that INDRA is well suited
for studying collisions for which the IMF distribution is an important observable, since
our selection keeps indeed events for which the maximum information is available.



3.2. Multiplicity distributions
In order to study the effects of such a selection upon the detected events, contour

plots of charged product multiplicity versus the total detected charge are shown in Fig.l.
The general trend is an increase of the maximum multiplicity with increasing energy, in-
dicating an increase of the violence of the collision. Peripheral dissipative binary colli-
sions can be observed at low multiplicity : events for which the target-like and the
projectile-like fragment were not detected can be recognized at low Zj o t , and those for
which only the target-like fragment was missed can be seen for Ztot ~ 18.
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Figure 1 : Z[ot- Multiplicity plot for differents energies for the 36Ar + Ni system.

The selection with Ztot> 41 is represented by the horizontal line. It should be noticed
that this selection does not select a particular class of events but events over a large mul-
tiplicity range, which do not only correspond to violent collisions. This means that a



large variety of mechanisms can be studied with such a selection. To avoid mixing dif-
ferent type of collisions, we have performed a rough evaluation of the impact parameter.
First, using a calibration of the beam intensity (corrected for the dead time of the acqui-
sition system), we have determined the relationship F between the cross section and the
counting rate during the experiment. This relationship was verified by a comparison be-
tween the found cross section for a minimum triggered run (one event is recorded if at
least one module of INDRA is fired), and the total cross section a calculated by the use
of the systematics of Kox et al.19. Taking into account all the detected events (that is
with no selection on Ztot), we have then defined differents slices in multiplicity, starting
from the higher one. The impact parameter b is given by o = F(n) = K b2, where n is the
total number of events integrated from the maximum multiplicity to the selected one. For
all selected events (Ztot> 41), three impact parameter ranges have been defined :
0 < b <, 3 fin for the more violent collisions, 3 < b £ 6 fm for intermediate impact pa-
rameters, and 6 < b s 7 fm, for the more peripheral collisions. These values have to be
compared to the maximum impact parameter for the Ar + Ni system, which is -10 fm.

3.3. IMF distributions
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Figure 2 : Evolution with the incident energy of IMF distributions for different impact parameters bins for
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Figure 2 displays the evolution of the IMF distributions with incident energy and for
different ranges of impact parameters. It is interesting to note that the overall shape of
these distributions as well as their mean value are very similar for a given class of colli-
sion . This result could confirm results obtained by D. Benchekroun et al.20 who showed
that IMF multiplicity does not reflect the excitation energy stored in the system. One can
also remark that for the less violent collisions (large impact parameter range), the IMF
production cross section decreases when the energy increases. This is probably due to
the fact that for high incident energies, IMF distributions are more concentrated in the
forward direction and then, the probability not to detect one IMF increases. At last, it is
interesting to note that, above 52 MeV/A, there are some events for which no IMF are
produced in central collisions (see section 3.6) !...

3.4. Charge distributions
The size of these IMF can be deduced from the Z distributions, as shown in Fig. 3.

The overall shape of these distributions are quite the same for all energies and all impact
parameter ranges : a steep decrease by a factor -10 in the production cross section be-
tween Z=2 and Z=3, followed by a kind of shoulder which becomes less pronounced
when the energy increases. The largest Z decreases with the energy. Comparing Fig. 2
and Fig. 3, one can deduce that, for the more violent collisions, the IMF size decreases
when the energy increases. Nevertheless, fragments as large as Z=20 are produced in the
more violent collisions, at 95 MeV/A !
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Figure 3 : Evolution with the incident energy of Z distributions for different impact parameters bins for
.36tbeJ°Ar + Ni system ; Z ^ 41.



5.5. Charge distributions of the largest fragment
The evolution of the charge of the largest fragment, Zm a x , is displayed in Fig. 4.

Once again, the overall shape of the distributions seems to be the same for all energies
and all impact parameters even if the most probable value of Z , ^ decreases whith in-
creasing energies. Nevertheless, it is interesting to note that for the more violent colli-
sions, and by opposition with other ones, the production cross section of the smallest
fragments increases with incident energy. If the number of IMF remains constant with
increasing energies (see Fig. 2), their size indeed decreases. This reflects probably the
onset of the vaporization of the system, since events for which the larger fragment has a
charge Z=2 are produced for incident energies larger than or equal to 52 MeV/A.
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Figure 4 : Evolution of the size of the largest fragment with incident energy, and impact parameters,
for \he Ai + Ni system ; Zt0(2 41.

3.6. Vaporization events
Vaporization events are defined as events for which only light charged particles

) are detected. It is then important to remember that our selection of the "well



detected events" selects all events for which the probability to detect all IMF ( Za3 ) is
greater than or equal to 90% (see section 3.3).

25 5O 75 1OO 25 SO 75 1OO

Figure 5 : Evolution of the production cross section of vaporization events (left part),
and of the ratio Helium isotopes / Hydrogen isotopes, with the incident energy.

The evolution of the production of such events is shown on the left part of Fig. 5. No
vaporization events have been detected below 52 MeV/A. The steep increase of the va-
porization cross section can be related to the evolution of the mean ratio Z=2 / Z=l :
Z=2 particles dominate over Z=l particles when the energy decreases (right part of
Fig.5). This is probably due to energetic considerations, since the production of an alpha
particle is energetically more favorable than the production of a proton. Moreover, one
could notice that 36Ar can be viewed as a cluster of 9 a panicles and 58Ni as 14 a parti-
cles and 2 neutrons. In order to evaluate a threshold for the production of vaporization
events, we tried to calculate an excitation energy associated to the detected events (com-
pleted with neutrons and protons, until the total available charge Ztot= 46 was attained).
The following formula was used:

where MC0IT is the multiplicity of the completed event. The mean value of the mass bal-
C0IT

ance, Q, was calculated and is reported in Fig.6 as full circles. Vc , the Coulomb energy
is the needed energy to get a compact configuration from particles coming from the in-
finity. Full squares represent in Fig.6 the mean value < Q+Vc>. The kinetic energy F^



of the panicles is not yet known and was evaluated as thermal energy : F^ = 2 T. 7 MeV
seems to be a reasonable estimation of the temperature since it is the saturation tempera-
ture for the Ar+Al and Ar+Ag systems2l. The resulting excitation energy is reported as
open squares in Fig.6 and have to be compared with the available energy (full stars). A
threshold of -12 MeV/A for the production of vaporization events can be then deduced.
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4. Conclusion

In order to sample the first results obtained with the INDRA detector, the evolution of
Ifi CO r

the Ar + Ni system has been studied. Keeping only the well detected events, a large
impact parameter range is selected. This allows to follow the evolution of the involved
reaction mechanism over a wide incident energy range : from 32 MeV/A up to 95
MeV/A. The study of IMF , Z, and Zm a x distributions for different class of impact pa-
rameters shows a slow evolution of the reaction mechanism rather than a sudden change
at a given energy. The threshold for vaporization of the system is estimated to be around
12 MeV/A excitation energy. Energy calibration energy will be available very soon and
will allow to follow this study.
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