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Abstract

Characterization of the nature of the deexcitation of highly excited
nuclei through multi-fragment or particle emission requires the use of
powerful multidetectors. In this spirit a broad program was undertaken
which examines the multiple facets of multi-fragment emission with the
multidetector INDRA. Results on the Ar+Ni system between 32 and 95
MeV /nucleon are presented, which evidence the production of a large
number of fragments (up to 7) in central collisions, at all energies. Ulti-
mately, the threshold for complete vaporization of the system into H and
He isotopes is determined.

1 Introduction

One of the main goals of the current research in nuclear physics in the intermediate
energy domain is to improve our knowledge about the properties of nuclear mat-
ter in extreme conditions of density and temperature. It is now well established
that highly excited nuclear systems have a sizeable probability to decay by multi-
fragment emission 1 Whether this emission is a series of sequential binary break-ups
or a "sudden multifragmentation” (accompanied or not by a phase transition) is one



of the most debated questions at the present time. Such a distinction might more-
over be quite subtle due to the short time scales involved in both cases 2,3, The
multifragmentation process is theoretically predicted to occur during the expansion
of a hot and compressed system formed in the early stage of nucleus-nucleus central
collisions 4 9 6. While the compression has to be quite strong for light systems, a
more gentle compression can be sufficient for very heavy systems as the expansion
is there enhanced by the strong coulomb repulsion 7. For systems with still higher
excitation energies, vaporization is also predicted to occur, which 1s the disassembly
of the system in very small pieces 8.9

Until recently, progress in the understanding of multi-fragment emission was partly
hampered by the limitations of the available experimental devices. The 47 multide-
tector INDRA was built to efficiently study central collisions where large multiplicities
of nuclei are observed in the exit channel. A broad program was undertaken by the
INDRA collaboration to particularly study the influence of different parameters on
the multifragmentation process. Among those parameters are the size of the system,
the entrance channel characteristics (incident energy, mass asymmetry); Coulomb in-
stabilities and the ultimate phase leading to the vaporization of the system are also
searched for. The program also comprises the determination of the transverse flow of
nuclear matter, which should bring information on the in-medium nucleon-nucleon
cross section, and provide additional tests for the nuclear forces used in simulations 10

This experimental program was worked out through two sets of experiments, the
first one performed in 1993, and the second one in 1994. Fig. 1 displays the systems
which were studied, and the specific parts of the program that each one adresses more
specifically.

In the following, we will show results concerning only the Ar+Ni system; exper-
imental details will be given in the next section. Then the evolution of the general
trends with incident energy will be discussed, and finally we will present some data

on vaporization events, which are, to our knowledge, observed for the first time below
100 MeV /nucleon.

2 The Ar + Ni system - Experiment

The experiments were performed at GANIL, using the 47 multidetector INDRA. A
brief description of the detector will be given, more details can be found in refll. 12,

2.1 The 4% multidetector INDRA

INDRA is a 47 multidetector designed to detect charged products. It has a high
geometrical efficiency of 90% of 47 and very low detection thresholds. Operated under
vacuum, the detector is composed of 336 independent modules shared between 17
rings symmetric around the beam axis. A general view of the detector is schematized



MULTIFRAGMENTATION WITH INDRA

SIZE EFFECTS
SYMMETRIC SYSTEMS

**Ar + KCI 32, 40, 52, 74

@*Ni + *Ni 32,40,52,63,74
82, 90 MeV/u

*'®Xe + Sn  25,32,40,45,50

®"'Ta + AU 33, 39 MeV/u
®*U + U 24 MeV/u

ENTRANCE CHANNEL EFFECTS
some totol mass A £ 250

*'?Xe + Sn  25,32,40,45,50

®°Ni + AU 32,52,63,74
82, 90 MeV/u

HEAVY SYSTEMS
GENTLE COMPRESSION
COULOMB INSTABILITIES

*'%Gd + #*U 36 MeV/u
®"'To + U 33,39 MeV/u

&V + U 24 MeV/u

LIGHT SYSTEMS
STRONG COMPRESSION
VAPORIZATION

FLOW MEASUREMENTS

**Ar + *Ni  32,40,52,63,74

84, 95 MeV/u
@*Ni + ®Ni  32,40,52,63,74
82, 90 MeV/u
—> 400 MeV/u
with FOPI at SIS

% Experiment performed in 1993
@ Experiment performed in 1994

Figure 1: The ezperimental program realized with INDRA.



" A small 47 detector”

| INDRA |
|

Figure 2: Schematic view of INDRA. Bottom: running configuration. Top: open configu-
ration, and detail of a forward module.

The basic modules comprise two or three stages, depending on angle, for complete
identification of products on a large energy range; low energy thresholds for fragments



are insured, on rings 2-17, by an ionization chamber operated with low pressure C3F5s
gas. Light particle mass separation is based on pulse shape analysis of the signals
of Csl scintillators coupled to photomultiplier tubes (rings 2-17). A 300um silicon
detector is placed between these two layers for rings 2-9 (§ = 3 — 45°), where low
energy particles and fragments issued from the target coexist with beam velocity
particles and fragments from the projectile. Finally at very forward angles the first
ring (6 = 2—3°) is composed of fast plastic phoswiches, which can endure the expected
high flux of elastically scattered particles. For calibration purposes, a two-member
telescope (80u Si + 2 mm Si(Li)) was inserted in front of one of the Csl of rings
10-17, which do not incorporate silicon detectors.

The huge dynamical energy range to cover (~5000) made it necessary to replace
the traditional amplitude encoding by a charge encoding for silicon and ionization
chambers signals. The large number of detectors to handle led to the development of
a highly integrated electronics, using the new VXIbus standard. Full remote control
of parameter settings, including visualization of signals is thus allowed.

2.2 Ezperimental conditions

The 95 MeV/nucleon *Ar beam was delivered by the GANIL accelerator. Other
energies were obtained by slowing down this beam, further analyzed by the “alpha
magnetic spectrometer” of GANIL. In order to keep the rate of random coincidences
as low as possible, beam intensities were maintained very low, typically 3-4 107 pps. A
unique 193 pg/cm? 58 Ni target was used at all bombarding energies. The backward
jonization chamber of INDRA was not installed during these experiments, preventing
the separation of low energy fragments (Z > 3) and He isotopes at angles larger than
90°.

For this first set of measurements, a minimum bias trigger was chosen, namely
a multiplicity value. Events were registered when at least 3(4) modules fired for
the energies 32-74 (84-95) MeV/nucleon; In these conditions the dead time of the
acquisition system was around 20%. In this paper, absolute cross sections will be
calculated from the target thickness and the number of impinging Ar ions, taking
into account the dead time. For normalization purposes, some tapes were registered
without any bias (multiplicity > 1). At 52 MeV /nucleon we could thus verify that the
total measured cross section was within 10% of the value predicted by the systematics
on reaction cross sections established by Kox et al 13,

2.8 Data treatment

At the present time complete charge identification is achieved for the experiments
performed in 1993. We define a "fragment” as having a charge Z > 3 and a light
charged particle (lcp) as a hydrogen or a helium isotope. The identification includes
tests for the consistency of the responses of all detection layers passed through by



a particle. In some cases this procedure allows to separate particles piled-up in one
module; typically one can separate a fast light charged particle fully identified in the
Csl scintillator from any slow particle stopped in the preceding silicon detector.

The presence of a silicon detector at forward angles (up to 45°) gives full charge
and mass identification over the whole energy range for elements up to Boron. Charge
identification alone is achieved for heavier elements, up to at least xenon (Z=>54) for
nuclei reaching the Csl, and up to Z=27 for nuclei stopped in the silicon detector.

At backward angles, the ionization chamber insures charge separation near the de-
tection threshold for lcp, and over the whole energy range for heavier fragments. Mass
identification is obtained only from the Csl response, and is typically achieved above
5 MeV for deuterons and 10 MeV for tritons. Separation between *He,* He,® He
occurs around 25 MeV.

Examples of the performances of INDRA for particle identification can be found
in 12| together with the methods used for energy calibrations. These calibrations
are still in progress, and therefore only data concerned with the numbering of the
identified particles will be presented in the following.

3 Evolution of the Ar + Ni system between 32 and 95 MeV /nucleon:
general features

A global view of the results obtained for the Ar + Ni system is shown in fig. 3.

It represents the total detected charge (Zi.:, sum of the charges of all identified
particles) versus the multiplicity of charged products, for 6 out of the 7 studied
energies. The first remarkable feature is the quality of the detection: for all energies,
there are quite a number of events for which a large fraction of the total charge of the
system (Z = 46) is detected. Moreover this efficient detection covers a large range of
multiplicity, from about 10 up to the highest multiplicity value. This demonstrates
that INDRA is indeed well suited for studying central collisions, where a large number
of fragments and of light charged particles are emitted. As expected, the maximum
measured multiplicity increases with the incident energy, from 25 at 32 MeV /nucleon
to 35 at 95 MeV /nucleon.

Now one can also distinguish, at all energies, two regions where events are not well
measured. Both are in the low multiplicity range, the first one starting at Z,, = 1
(region 1), and the second one at Z,; ~ 18 i.e. the charge of the projectile (region
2). From what is known about the reaction mechanisms intervening in peripheral
collisions in the energy domain 10-100 MeV/ nucleon!?, one can infer that we are here
dealing with dissipative collisions, with essentially two fragments and light charged
particles in the exit channel. In the first region we miss both the target-like fragment
(TLF) and the projectile-like fragment (PLF). In the second one the PLF is detected,
but not the TLF. This hypothesis is confirmed when looking at the evolution of the
charge of the biggest detected fragment versus the multiplicity (fig. 4 bottom).



- T T e I T - Ll T T ’ T
- 2

: . -

— 2 -

| o -

= -

- -

. [

- I

EEE RN TN SN SRR TS RN
N FETE SR TE TN SUE NI BT
oadaa Lo b e bigan by

LI TV I LI L TTIT
h o7
T I TTrTT

{ia0y

1101

£/A= B4 MeV
I | I L | L L

20 0 20
Charged product multiplicity

E/A= 74 MeV E/A= 95 MeV

IS NN SRS S U FU NN S SR

[SURE ENENE FENTE NEENE FNREE FUE

NN PRSI NUNTE SNUEN |

1 | 1

0 20

Figure 3: Evolution of the total detected charge as a function of the charged product multi-
plicity. The total charge of the system is Z,,; = 46.

Indeed, starting from low multiplicity values, one sees two ridge lines: the first one
is located at Z,,., ~ 2 — 3, and corresponds to region 1 defined above; the second
ridge, beginning at the projectile charge and going toward lower Z values when the
multiplicity increases, can be associated with the PLF; this evolution reflects the
increasing excitation energy of the PLF. Another region appears in these maps for
high multiplicities( around 15-20), which extends to Z,,,, ~ 30 at 32 MeV /nucleon,
and still to Z,,,,, as large as ~ 20 at the higher bombarding energies. Without further
information, one can speculate that some incomplete fusion events are observed at
the lowest energies (32 and 40 MeV/nucleon). We may also have evidenced the
» 180 which one large fragment subsists among smaller ones;
such events should be very rare, and indeed the presence of a large fragment at high
multiplicities occurs only in the tail of the Z,,,, distributions.

Let us play now the game of "reconstructing” the peripheral events (in average):

existence of "sun events
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Figure 4: Top: same as fig. 3 for 3 incident energies. Bottom: Evolution of the charge of
the biggest detected fragment as a function of the charged product multiplicity for the same
energies.

First we deduce the average ridge line of the TLF by scaling the measured line for the
PLF by the ratio of the charge of the target to that of the projectile (fig. 4 bottom).
Then we go back to the picture representing the total detected charge (fig. 4 top):
to the average value of Z,, in region 2 we add the deduced average charge of the
TLF (dashed lines); to the average value of Zi, in region 1 we add the deduced
summed charges of the TLF and the PLF (dotted lines). In both cases we end up at
total "reconstructed” average charges around 90% of the charge of the system. This
means that in peripheral collisions INDRA indeed misses one, or the two partners
of the binary reaction, for kinematical reasons, but that it detects most of their
deexcitation products, the limit being the geometrical efficiency of the detector.
Another general feature of the reaction is the evolution of the number of frag-



ments versus the multiplicity, for the incident energy range studied, represented in
fig. 5. For all energies the number of fragments increases with the multiplicity, the
maximum observed value being 7 fragments. Moreover the projected fragment num-
ber distributions are quite similar at all energies; the average size of the fragments
is however a decreasing function of the incident energy, due to charge conservation
16. if the number of fragments remains constant while the number of lcp increases,
then the size of the fragments has to decrease. The lack of selectivity of the incident
energy on the number of fragments is quite intriguing, and will be examined in more
details when the energy of the detected products will be known.
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Figure 5: Evolution of the number of fragments as a function of the charged product multi-
plicity, for 6 different energes.



4 Vaporization events

4.1 Definition and selection

In this section, we will skip over multifragment emission, and examine a class of events
which we call ”vaporization events”. They are defined as the events containing only
light charged particles, without any assumption on the intervening mechanisms. This
is a very drastic definition, as for instance some theoreticians allow ”vaporization
events” to contain several fragments providing their mass is small enough 8.9

The question is how to correctly select such events (keeping in mind that up to
now we can only rely on charge measurements). The safer way would be to only keep
events where the total charge of the system is detected, with a tolerance of one helium
missing. The statistics would then be too poor. Therefore we enlarge our selection,
and search for events for which the probability to have detected all fragments is 90%;
then when we will require events containing zero fragment, we will be quite sure that
so did the true complete event. The method of selection is based on a ”simulation”
using the experimental data, and is sketched in fig. 6 for the highest incident energy:

First we keep only events for which the total charge measured is at least the
projectile charge (i.e. we eliminate the region 1 defined in the previous section). For
these events we divide the multiplicity distribution in 5 bins as indicated in fig. 6a;
the charge distribution is determined for each bin (fig. 6¢c). Note that in all cases lcp
largely dominate ( the yield drops by a factor of 10 between Z=2 and Z=3). For the
lower multiplicity bin the charge distribution extends up to Z ~25, after exhibiting a
plateau between Z = 3 and Z~11. For higher multiplicities, the charge distribution
becomes steeper and steeper.

For each multiplicity bin:

i)We assume that the true charge distribution is similar to the measured one.

ii) We construct complete events (Z,,; = 46), by random sampling on the charge
distribution. This gives a calculated multiplicity

iii) We go back to the measured multiplicity (weigthed by the experimental distri-
bution) by discarding the appropriate number of particles at random (assuming that
the probability of losing any particle is the same). The reconstructed map Z,, versus
multiplicity is shown in fig. 7b together with the measured one. The two maps are
similar enough to valid the selection method.

iv) We search for events which the probability to have detected all fragments
is 90% (whatever the initial number is), which sets a limit on the total detected
charge: It turns out that at all incident energies this limit is quite independent of the
multiplicity, and equal to Z;,, = 41, as appears in fig. 7c.

What range of reactions do we explore with such a selection? This is shown on the
multiplicity distributions, fig. 7d. There are displayed the multiplicity distributions
we started with (total detected charge larger than the projectile charge), then those

10



*Ar + ®Ni E/A & 95 MeV

= 50 FT T T T T T T ll;ll— /‘\10 T T47 T 1A q
S E o Ti80%E 1] B 24 :
N 45 E - 4 3 Ex 3 3
1l - 3 =z 103 k E i 3
40 E ERECH S I AN 1;
N oo E E 2 Y |
S E 1 10 F M 2 1
30 B = 1 L Ll .
E 3 0 25 0 2
25 = — Z

20 F E

15 F E

10 & (@ -

s e 12345 3

O EI P11 l 1 ]gl | l | | I I lél E

0 10 20 30 40

.9 T 177 I 1 177

o (a) Same as fig 3i events for which
> neither the PLF nor the TLF are
S measured are suppressed
‘§ (b) Projected multiplicity distribution

(c) Charge distributions for the 5
multiplicity bins defined in (a)

0 10 20 30 40
Charged product multiplicity

Figure 6: Method used for selecting vaporization events.

obtained with the limit Z,,, > 41. Obviously this limit selects the highest multiplic-
ities, but explores quite a large range of the initial distribution. If we put on top of
the multiplicity scale an impact parameter scale, the explored zone corresponds to
70% of the grazing impact parameter. The impact parameter scale is here a rough
estimate based on the multiplicity distribution, assuming a unique correspondance

11
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the vertical line in (a); c) Events with a given probability to have detected all fragments;
d) Multiplicity distributions; for each energy, the highest one corresponds to the projection
of fig. 6a; the next one includes the selection Zi,; > 41. The smaller one displays the
distribution for the vaporization events. An impact parameter scale (relatively to the grazing
impact parameter) is given below.

between a multiplicity value and an impact parameter, and the grazing impact pa-
rameter is deduced from calculated reaction cross sections 13 Not shown here is
the effect of the selection Z,,; > 41 on the size of the biggest fragment: clearly the
part corresponding to a PLF resulting from peripheral or mid-peripheral collisions
is suppressed 16, The number of remaining events represents ~ 5% of the measured
events (i.e. those with a multiplicity above the triggering value) for incident energies
above 50 MeV /nucleon.

If we finally turn to the vaporization events, which are now defined as those for
which the total detected charge amounts at least to 41, and which contain no frag-
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ment, their multiplicity distribution is also displayed in fig. 7d. They are evidently
located in the highest multiplicity region (our definition implies that at least 23 parti-
cles should be detected, if they were all He isotopes!), and therefore should originate
from rather central collisions. It was verified that these rare events, located in the
very tail of the multiplicity distributions do not result from pile-up events.

4.2 Ezcitation function and structure of the events

The first information which can be extracted is the cross section of such events.
None were found for incident energies below 52 MeV /nucleon. Above this energy the
excitation function rises sharply, while never exceeding some 10~* times the reaction
cross section (fig. 8). We can therefore infer that the threshold for vaporization events
is, for this system, around 50 MeV /nucleon.

Next we can examine the composition of these events. For this we have plotted
in fig. 8 the average proportion per event of each measured isotope with respect to
the measured charged particle multiplicity. The most abundant particles are the a’s,
which exhaust half of the measured multiplicity at 52 MeV/nucleon. Their relative
yield decreases when the incident energy increases, showing that when more energy
is available, the tendancy is to break the system in smaller and smaller pieces. This
very abundant production of a particles might originate in the structure of the chosen
incident nuclei: % Ar can be viewed as a cluster of 9 a particles, and **Ni as 14 o
particles and 2 neutrons. It would be interesting to study similar events on systems
where the incident nuclei would be for instance neutron rich. While the relative
proton yield remains constant, the decreasing proportion of a’s seems to be replaced
essentially by deuterons. The abundance of other loosely bound isotopes, tritons and
3 He increases only slightly between 52 and 95 MeV /nucleon. The relative abundance
of 3He is slightly smaller than that of tritons. This may be due to experimental
identification thresholds at backward angles (see section 2.3), and will be verified
later by putting gates on the particle energies.

4.8 Energetics

As mentioned earlier, we do not know yet precisely the energy of the detected parti-
cles, but we tried anyway some speculations on the energetics of the reaction. This
is shown in fig. 9 where is firstly plotted the available energy per nucleon, which
increases from 12 to 22 MeV in the explored lab. energy range.

Then each of the measured event is ”completed” in charge and mass with protons
and neutrons. The mass balance of the reaction is then readily obtained. Charged
particles cannot be emitted without kinetic energy, but have at least the Coulomb
repulsion. It was calculated by putting all the particles of each event in a close
configuration, and letting them go to infinity under the action of the Coulomb force.
The sum of the mass balance and of the Coulomb energy amounts to 6-7 MeV/nucleon

13
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different particle species in the vaporization evenis.

(the plotted quantities are averages over all events). This quantity has to be available.
We can now speculate that each particle has also a part of its kinetic energy coming
from thermal energy, which would then be twice the temperature if the system is
equilibrated before breaking. By refering to the highest measured temperature in
central collisions on the Ar+Al 17and Ar+Ag 18systems, whose masses bracket that
of the studied system, we assume a temperature of 7 MeV, at all incident energies.
The excitation energy of the system then reads:

E' - (Q + ch + 2 * Mcorr * T)/Atot

14
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where V, is the Coulomb energy, M.,,, the corrected particle multiplicity (including
neutrons) and A, = 94 the total mass of the system.

When plotting the values so estimated for the excitation energy, it apppears that
for 52 MeV /nucleon incident energy, the excitation energy is just equal to the avail-
able energy, which would explain why we find here the threshold for vaporization.
Evidently, it only means that in the excitation energy distribution of the system, a
very small fraction is stored in such a form that it allows this break-up to take place.
This fraction is then increasing with the available energy. Here again, more precise
conclusions will be given when the center of mass energy and angular distributions
of the particles will be known.
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