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Abstract

Using the 4n multidetector array INDRA at GANIL, we have investigated the reaction **Ar+"Ni for bombar-
ding energies ranging from 32 to 95 AMeV. Over this energy domain, quasi-binary dissipative collisions are
the dominant process exhausting more than 90% of the reaction cross-section. The excitation energy is shared
almost equally between the quasi-projectile and the quasi-target, suggesting that the interaction time is too
short to permit thermalization of the whole system. However, the kinematical properties and the chemical
composition of the disintegration products of the quasi-projectile and of the quasi-target (which decay
independently) are consistent with local thermodynamical equilibrium. At the highest bombarding energy,
excitation energies in excess of 25 AMeV are reached. For excitation energies greater than 6 AMeV, vapori-
zation (events in which only light particles, Z<2, are produced) sets in. A survey of the nuclear caloric curve,
the evolution of the temperature as a function of the excitation energy, in the quasi-projectile does not show
evidence of a plateau as a possible signature of a liquid-gas phase transition.
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1. Introduction

The determination of the properties of highly excited nuclei created in nucleus-nucleus
collisions has become one of the major axis of research in nuclear physics in recent years and is
the subject of numerous theoretical as well as experimental investigations. At stake are the limit of
stability of the nucleus'?, the appearance of new decay modes*", the nuclear matter phase
diagram® and ultimately the nuclear equation of state?.

Experimentally, the basic difficulties reside in disentangling the intrinsic properties of the
hot nuclei formed in nucleus-nucleus collisions from dynamically induced effects. Whereas the
reaction mechanisms are relatively well understood at low incident energies (<20 MeV/nucleon)
where mean field effects dominate and at high incident energies (>200 MeV/nucleon) where
nucleon-nucleon collisions are the dominant process, this is not the case in the intermediate
energy range where both the mean field and nucleon-nucleon collisions enter into play.

The recent advent of 4r detection arrays with high geometrical efficiency, good granularity
and low detection energy thresholds has enabled us to elucidate several aspects concerning the
main reaction mechanisms. It is now well established that the intermediate energy regime (20
MeV<E,; ,A<100 MeV) is characterized by a dominance of quasi-binary dissipative interactions in
which a quasi-projectile and a quasi-target emerge from the collisions with an excitation energy
which increases as the impact parameter decreases. However, in contrast with deep inelastic
collisions at low energy (~10 MeV/nucleon), the zone of overlap between projectile and target is
subjected to a strong emission of particles and fragments (mid-rapidity emission) thus introducing
a departure from a purely binary process. Only the most central collisions lead to an (in)complete
fusion process which disappears altogether above ~50 MeV/nucleon for intermediate mass
systems as the one under consideration here. The essentially binary nature of the collisions
permits to produce well characterized projectile-like and target-like nuclei over a broad range of
excitation energies which may reach and even exceed the available center of mass energy. This
offers the unique opportunity to explore the decay modes of these nuclei with excitation energy,
from standard evaporation to full vaporization in passing through the multifragmentation regime.

2. Experimental method.

The 4m detection array INDRA at GANIL was used to investigate the reaction **Ar+°3Nj at
32,40, 52, 63, 74, 84 and 95 MeV/nucleon. INDRA, a detailed description of which can be found
elsewhere®®, can be considered as an ensemble of 336 telescopes covering 90% of the 4 solid’
angle. The detection cells are distributed amongst 17 rings centered on the beam axis (fig. 1). The
first ring (2°-3°) which may sustain a high flux of elastically scattered particles is made of 12 fast
counting phoswich scintillators (0.5 mm thick NE102 plastic followed by a 25 cm long NE115
plastic). From 3° to 43¢, due to the required large energy dynamics , rings 2 to 9 comprise 180

three stage telescopes each made of an axial field 5 cm deep ionization chamber operated at 50 mb
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Figure 1: Schematic view of the INDRA detector showing the different elements arranged in a ring structure. The
beam axis is an axis of symmetry for the detector.

of C,F; gas, a 300 um thick silicon detector and an ICs crystal deep enough to stop all particles.
The angular range from 45° to 176° is covered by rings 10 to 17 made of 144 two-stage telescopes
each consisting of an axial field ionization chamber operated at 30 mb and an ICs crystal
scintillator. All detector signals are treated through specifically designed and highly integrated
modules, most of which are in the VXIbus standard. This allows full remote control of the
detector parameters, including visualization of signals. Constant monitoring of the detector
stability is ensured using a pulsed laser source and electronic pulsers. Great care has been given to
the energy calibration of all detection modules, making use of specific detectors and of the
secondary beams delivered by the GANIL accelerator. For fragments with Z>3, charge
identification is made through the usual AE-E method up to Z=~50, down to an energy threshold of
~1 AMeV for Z<10 and ~1.7 AMeV for Z>10. For elements with Z<3, isotopic separation is
achieved in the [Cs crystals using pulse shape discrimination techniques.

Beams of *Ar produced by the GANIL facility were used to bombard a 193 pg/cm? thick
self-supporting **Ni target. In order to maintain the probability for multiple interactions in the
target below 107, the beam intensity was maintained around 3-4x10’ pps. Data were taken using a
minimum bias trigger based on the multiplicity M such that events where registered for M>3 for
bombarding energies up to 74 AMeV and M>4 above. For normalization purpose data were also
acquired without any bias (M>1) at 52 AMeV bombarding energy.

In figs. 2a-b), the total detected charge, Z,,, is presented as a function of the total measured
momentum, P, along the beam direction relative to the beam momentum, P, at 32 and 95 AMeV
incident energies. Three regions are visible on these diagrams. For Z,,<18 and P/P,<0.5, neither
the quasi-projectile nor the quasi-target have been detected. This corresponds to the most
peripheral collisions in which the projectile is scattered at angles smaller than 2° and the recoiling
target does not have enough energy to overcome the detector thresholds. For 18<Z, <28 and
P>0.5, the quasi-projectile is detected but the quasi-target is still too low in energy. Finally, for
Z,>28, and P/P,> 0.6, both the quasi-projectile and the quasi-target are observed. In this latter

region the missing charge can be inputted for one part to the detector efficiency (geometrical



cover and detection thresholds) and for another part, to the multi-hit probability which increases
with the multiplicity. Besides the above mentioned effects, obviously, non detected neutrons
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Figure 2 : a-b) Total detected charge versus the fraction of the beam momentum detected along the beam axis at (a)
32 and (b) 95 AMeV bombarding energies. Selected quasi-complete events are indicated by the rectangles. c-d)
Measured total charged particle muitiplicity distributions (full curves) and the multiplicity distributions for quasi-
complete events (hatched histograms).

contribute also to the missing momentum. The total charged particle multiplicity distributions
measured at 32 and 95 AMeV are shown by the full curves in figs. 2c-d).

In the following, except when specified otherwise, we will consider only quasi-complete
events in which more than 80% of the total charge (46) of the system and more than 60% of the
incoming beam momentum have been detected, as indicated by the rectangles in figs. 2a-b). The
corresponding multiplicity distributions are indicated by the hatched histograms in figs. 2c-d).
These requirements eliminate mainly low multiplicity events corresponding to the most peripheral
collisions.

As a measure of the violence of the collisions, we use the transverse kinetic energy £,

defined as:

i
X

=

E,=) Ksin’6
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where for a given event, the sum runs over all detected particles and where K; and &; are
respectively the kinetic energy and emission angle of particle i, The larger is £y, the more violent
is the collision. In fact, as shown by simulations, the transverse energy is strongly correlated with
the impact parameter. Assuming that the reaction cross-section Oxr(b) up to an impact parameter b
is essentially geometrical, oy (b) = 7b2, an estimate of the impact parameter can be obtained from

the transverse energy through the relation:
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where bpyqx ~ 9.6 fm is the grazing impact parameter, ¥, , is the total measured yield whereas the
integral represents the yield between the transverse energy E, and the maximum transverse energy £,...

In fig. 3) are presented the charge distributions of the fragments with Z>3 as a function of
their parallel velocity along the beam direction at 32 and 95 AMeV bombarding energies for four



impact parameter bins. At all bombarding energies, from 32 AMeV to 95 AMeV, for most
collisions (b>2.5fm, figs. 3a-b), the fragments are essentially located at velocities near the
projectile or target velocities, emphasizing the binary character of these collisions. For the most
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Figure 3 : Charge distributions of the fragments with Z>3 as a function of their parallel velocity in the center of mass
frame at 32 and 95 AMeV bombarding energies, for four impact parameters bins: a) 6.5 fm<b<4.5 fm, b) 4.5
fm<b<2.5 fm, c¢) 2.5 fm<b<1 fm, d) b<1 fm. The arrows indicate the projectile velocity.

central collisions (b<2.5fm, figs. 3c-d), at 32 AMeV incident energy, some heavy fragments are
produced with a velocity close to the center of mass velocity, suggesting an incomplete fusion
process which completely disappears above 52 AMeV. However, at all impact parameters, the
presence of fragments at mid-velocity indicates some deviations from a purely binary process with
an emission from the overlapping zone between projectile and target.

In order to determine the properties of the primary sources of emission, those have to be
reconstructed from the kinematical properties of the detected fragments and particles. This was
done, event by event, using the « Minimum Spanning Tree » (MST) technique®, which consists in
finding the minimum path linking N points in a metric space. For the present analysis'?, the
method was applied in the velocity space where the « distance » between two particles is defined

as the square of their relative velocity:

- =2 - =2
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where ,—B: , /—3: are the velocities of particles / and j respectively. As the origin of Z=1 particles is not
well defined, the minimum tree is built using Z>2 particles only. Then, the largest link which

maximizes the thrust 7, is broken to form two clusters. If no link gives 7,<0.65, it is assumed that
the separation in two clusters is unreliable. The thrust', 7, is defined in the center of mass frame

as follows:
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where ;, , ;J are the momentum of particles i and ; attributed to sources 1 or 2 respectively.,

Once this procedure is achieved, the hydrogen isotopes are distributed amongst the two
clusters on proximity criteria. The properties of the emission sources thus obtained were tested
against different reconstruction techniques'*'¥ which were found to yield essentially the same
results. Taking into account the detection efficiency, the average charges and masses of the
reconstructed quasi-projectile (QP) and quasi-target (QT) are very close to those of the initial
projectile and target. However the width of the distributions increases from ~10% to ~20% by
going from peripheral to central collisions. It is now possible to study the properties of each

source.

3. Decay modes and energy sharing.

The amount of excitation energy, £*, imparted to the QP or to the QT is determined event
by event by calorimetry through the relation:

. M: M,
E'=3K+3K,-0 |,
i=l J=l

where M. and M, are the multiplicities of charged particles and of neutrons respectively. The
value of M,,, which is not measured is deduced from mass and isospin conservation. K; are the
kinetic energies of each particle (in the source reference frame). The average kinetic energy K, of
the neutrons is taken as the average kinetic energy of the protons in the event minus 2 MeV to
take into account the absence of Coulomb barrier. F inally, Q is just the mass balance.

:

:

Number of counts (a.u.)

Figure 4 : Properties of the QP and QT deduced from quasi-complete events in the *Ar+"Ni reaction at 95 AMeV
bombarding energy. a) Mass distributions of the QP and of the QT. b) Excitation energy (per nucleon) distributions
in the QP and the QT. c) Total excitation energy (per nucleon) distribution in the system (QP+QT) and total
reconstructed energy (excitation energy + relative energy). The c.m. available energy is indicated by the vertical

dashed line.

Some features of the QP and QT, for quasi-complete events in the *Ar+°*Nj reaction at 95
AMeV bombarding energy are shown in fig. 4). The QP and QT mass distributions (fig. 4a), not
corrected for detector efficiency, are relatively broad but remain peaked close to the masses of the



projectile and target respectively. The QP and QT excitation energies (fig. 4b) cover a broad
range, extending from ~4 AMeV to ~25 AMeV and from ~4 AMeV to ~20 AMeV respectively.
From these spectra, it has to be noted that the QP carries an amount of excitation energy per
nucleon somewhat larger than the QT. In fig. 4c), the total excitation energy imparted to the QP
and QT is compared to the total energy, E,, reconstructed in the center of mass of the system. For
a perfect detection system, E, should be equal to the c.m. available energy (22.3 AMeV). The
width of the £, spectrum can be considered as a measure of the overall precision of the method.
The difference between the total energy, E,, and the total excitation energy imparted to QP and
QT is just the energy of relative motion between QP and QT.

Figure 5) depicts the decay modes of the QP, the QT and the whole system as a function of
the excitation energy per nucleon, €. Here, a fragment is defined as a nucleus with Z>3. For each
excitation energy bin, are reported the probabilities P,(€") of n-fragment emission, with 0<n<N
where N is the maximum number of observed fragments. For a given ¢ the P.(") add to one. At
low excitation energies the QP and the QT decay mainly by light particle emission leaving only
one heavy residue. The partition in two heavy fragments (fission-like process) is about two times
more probable for the QT than for the QP. These two partitions evolve slowly with excitation

energy.
1
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Figure 5 : Decay modes of the QP (a), the QT(b) and the whole system (c) as a function of the excitation energy in
the reaction **Ar+"*Ni at 95 AMeV incident energy.

Higher-order partitions increase rapidly with excitation energy to reach a maximum at
€'~10 AMeV and then decrease. The most dramatic evolution is seen in the no-fragment partition
which increases continuously with excitation energy to become the dominant decay mode of the
QP at the highest excitation energies. This particular mode corresponds to a complete
disintegration into light particles. The partitions of the whole system (QP+QT) as a function of the
excitation energy & are shown in fig. S5c). Obviously, the two-fragment partition is now
predominant emphasizing the binary character of the reaction. For a given excitation energy & in
the total system, these partitions can be deduced from the partitions of the QP and of the QT at the

corresponding excitation energies & g and & o1, using the relation:
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where, P,/ , P2" and P,.97 are respectively the probabilities for partitioning the whole system
into » fragments, the QP into i fragments and the target into n-i fragments. The partitions thus
calculated for 0 < n <4, are indicated by the full curves in fig. 5c). The agreement with the data is
excellent, indicating that the QP and the QT decay independently from one another.

In fig. 6) the excitation energy, e'QT in the QT is plotted versus the excitation energy, g'QP
in the QP, as a function of the violence of the collisions given by the transverse energy, E,, for the
reactions Ar+KCl and *Ar+%*Nji at 52 and 74 AMeV bombarding energies. For a symmetric
system such as Ar+KCl, whatever the excitation process one expects &' = €'qr. This is indeed the

case, showing that neither the detector nor our

. analysis method introduce any bias. This
L Ar+KCl

74 MeV
*x 52 MeV

1 important point was also checked through

intensive simulations. For the Ar+Ni reaction on

€ qr (MeViu)

.

the contrary, the temperature of the QP is higher

Ar+Ni . . . .
5 A T8Mev than the temperature of the QT (¢ Qp > € gr)- This
A 5S2MeV ] suggests that the thermalization time is greater
%5 P o 1'3 20 than the interaction time, 7, < 100 fm/c. For the
£ op MeV/u) sake of comparison, taking into account the

Figure 6 : Sharing of the excitation energy between the  evolution of the masses of the QP and of the QT
QP and QT as a function of the violence of the collision. respectively with impact parameter, equal sharing
of the total excitation energy (E'g=E ) is indicated by the dashed lines in fig. 6). Then, the
question arises to which extent the QP and the QT reach thermodynamical equilibrium before

decaying. We will try to give some answer to this question in the following.

4. Vaporization events.

Vaporization events in the reaction *Ar+"Ni, are defined as events in which only light
particles (Z<2) are produced. In order to ensure that the probability that a heavy fragment may
have escaped detection is below 10%, only events with a total detected charge greater than 41
were kept. Such events have been extensively studied by the collaboration'*"*' and we will recall
here only the main results. Vaporization of the whole system set-in at ~ 50 AMeV bombarding
energy to reach'” about 2x10” of the reaction cross-section at 95 AMeV. It as been shown'? that
at least 90% of these events result from the separate vaporization of the QP and of the QT. After
source reconstruction, in agreement with the results presented fig. 6) on energy sharing, it is found
that the QP is hotter than the QT. By increasing the bombarding energy from 32 to 95 AMeV, the
average excitation energy <& o> imparted to the QP, increases from 10.1 AMeV to 17.7 AMeV
whereas for the QT, <&'or> increases from 8.8 AMeV to 14.6 AMeV. Once again, the question
anises whether or not thermodynamical equilibrium is reached before the QP and the QT decav.



To answer this question, the properties of the decay products of the QP have been investigated in
detail”.

In the QP c.m. frame, for each particle species, the forward and backward kinetic energy
spectra are superimposable. All these spectra present exponential tails, the slopes of which do not
differ by more than 30% from one particle type to an other. The average kinetic energies of these
particles increase almost linearly with excitation energy and are equal within 20%. Very similar
results are obtained for the QT. For the emission from a thermalized source one expects not only a
forward-backward symmetry but also, except for Coulomb effects, the same average kinetic
energy for all particles. The observed deviations may have several origins such as recoil effects
and side-feeding which should be assessed.
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Figure 7 : Contribution of the different particle species to the decay of the vaporizing QP as a function of its
excitation energy. The curves are the result of the model calculation (see text).

The composition of the decay products of the QP is shown in fig. 7) where the ratio M/M,,,
between the multiplicity M, of species ¢ and the total multiplicitty M,,, (including neutrons) is
plotted as a function of the excitation energy e'QP. The abundance of a-particles which dominate at
low excitation energy decreases rapidly with excitation energy and is mainly compensated by an
increase of the proton yield. The deuteron relative abundance stays roughly constant. Whereas the
*He yield increases slightly, the tritons follow the opposite trend. This data are compared to the
prediction of the CEM model of ref.'® in which the emitting source is viewed as a nuclear gas of
particles (fermions and bosons) in thermal as well as in chemical equilibrium at density p and
temperature T. The population densities of the different nuclear species are completely determined
from the conservation laws and the equilibrium distribution in the macrocanonical ensemble :

-ACY U 4 E
SRR TS X(,deJ;(exP(“ I, T

ni i
where mj, gj, E; and 4 are respectively the mass, the degeneracy factor, the intrinsic energy

) i 1)_l b

(ground state plus excitation energy) and the chemical potential of particle species i which is a
function of the break-up density p via the neutron and proton chemical potentials z, and s, The
signs + or — apply to Fermi or Bose statistics respectively. Tjy; is the initial temperature.

Corrections to an ideal gas are also included in the form of an excluded volume. The freeze-out



density has been fixed to p=py/3 in order to reproduce the proton to alpha yield ratio. All nuclej up
to *Ne and their known excited states with a width [' <2 MeV were introduced in the calculation
and the final distributions corrected for resonance decay. The results of this calculation in
excellent agreement with the data are shown by the full curves in fig. 7). The experimental
excitation energy range was covered by varying the temperature from 10 to 25 MeV. The
calculated average kinetic energies of the different particles are also rather well reproduced'. A]]
these facts strongly suggest that the QP and the QT have reached thermodynamical equilibrium
before decaying.

5- The caloric curve of the quasi-projectile.

In order to be able to study the QP over a broad excitation energy range it is necessary to
take into consideration the peripheral collisions in which only the decay products of the QP are
well detected. This was done by abandoning the condition on the total detected charge but keeping
the condition on the total parallel momentum'®. After QP reconstruction its excitation energy was
determined by calorimetry as already described. Temperatures were calculated from the yields ¥
of several pairs of light isotopes differing by one neutron, following the prescription of Albergo et
al.'":

T = B and B =[B(Z,N)-B(Z+1,N)] - [B(ZN+1) - B(Z+1,N+1)]
’ In[a 1z, N)Y(Z +1,N) J ’
HZ,N+){(Z+1,N)

where Z and V are respectively the number of protons and neutrons for a given isotope whereas,
B(N,Z) is its binding energy. The coefficient a is related to the spins of the populated states and
has been calculated assuming population of the ground states only'”. At high temperature, excited
states may contain a large fraction of the yield. These states may decay either by y or particle
emission and thus the measured yields are not those at the emission time. Therefore the
temperature 7, is only an apparent temperature. Apparent temperatures were also obtained from
the slope of the kinetic energy spectra. These apparent temperatures as well as those deduced from
the yields of different isotope pairs are show in fig. 8) as a function of the QP excitation energy
a'QP. All these temperatures are different emphasizing the fact that they are only effective and are
not a measurement of the initial temperature. In order to assess the origin of the differences,
calculations where made with the CEM model'® described previously. The results of these
calculations are given by the full curves in fig. 8). Above ~£' =12 AMeV they are in fair
agreement with the data, reproducing the observed trends. As expected, this multifragmentation
model fails completely at low excitation energy where classical evaporation is expected'?. In the
calculation, the initial temperature 7,; was varied from 2 to 18 MeV. and follows the apparent
temperature given by the slope of the deuteron spectra. From the calculation, it is found that the



differences between the different apparent temperatures originate from side-feeding and resonance
decay. The inclusion of all excited states with a width ' <2 MeV was found essential to reproduce
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Figure 8 : Measured apparent temperatures versus excitation energy in the QP. The temperatures deduced from the
slopes of the deuteron kinetic energy spectra are indicated by the upper triangles. All other temperatures have been
obtained from various isotope pairs : °Li,’Li-’He,« (@), d,t-’He, o () ; p.d-’He,o (m) ; p,d-°Li,’Li(A). The curves are
the result of a model calculation as described in the text.

the data. Finally, none of the apparent temperature versus excitation energy curves show evidence
for a plateau followed by a rise (first order liquid-gas phase transition) at high excitation energy as

it as been reported in a recent experiment'?.

6- Summary.

The reaction **Ar+"*Ni has been studied in detail from 32 to 95 AMeV bombarding energy.
Over this whole energy range, the reaction remains essentially binary in nature even for the most
central collisions except below 50 AMeV where some fusion still occurs. Although the interaction
time is too small to permit thermal equilibrium between the quasi-projectile and the quasi-target,
these however are able to reach independently thermodynamical equilibrium before disintegrating.
The decay modes of the quasi-projectile and quasi-target have been explored over a broad
excitation energy range (up to 25AMeV). Multifragmentation seems to set in at ~ 12 AMeV
excitation energy whereas vaporization of the total system begins to occur at ~ 6 AMeV. No
evidence for a plateau as an indication of a liquid-gas phase transition was found in the caloric

curve of the quasi-projectile.
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