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22 G. Auger et al.1. Introdu
tionHot nu
lei are produ
ed in dissipative nu
lear rea
tions using eitherheavy ion proje
tiles at intermediate energies (say between 20 and 100MeV/u) and in the relativisti
 energy regime or in multi-GeV hadron-nu
leusintera
tions (see for instan
e [1℄). The main motivations to study hot nu
leiare manifold. The de
ay properties of su
h obje
ts are by themselves animportant pie
e of knowledge and are useful for a 
omplete understandingof the produ
tion of neutrons and 
harged parti
les in spallation rea
tionswhi
h is nowadays a subje
t of 
urrent interest for the design of nu
learwaste transmutation fa
ilities [2℄.However, the main interest lies in the link between the properties of hotnu
lei and the fundamental 
hara
teristi
s of nu
lear matter. The study ofsu
h 
hara
teristi
s over a wide range of temperature and density remainsan important and un�nished 
hallenge. Indeed, the properties of the equa-tion of state (EoS) over a broad range of temperatures (T ) and densities(�) are far from being elu
idated. The nu
leon-nu
leon for
e exhibiting ashort range repulsive part and a long range attra
tive part, the behaviour ofnu
lear matter should present some analogies with a Van der Waals ma
ro-s
opi
 �uid. Thus, a liquid-gas transition is expe
ted at a 
riti
al densityaround �0=3 and T ' 10 � 20 MeV. On the other hand, hadrons are madeup of quarks and gluons. A transition from hadroni
 matter to a quark-gluon plasma is thus predi
ted by QCD at T
 around 150-160 MeV and/or�
 � 5-10 �0 [3℄. There is also a strong interest in the study of mediume�e
ts related to 
hiral symmetry restoration at high matter density. Thiswould result in 
hanges in the masses of hadrons as well as their de
ay ands
attering properties in the nu
lear medium [4,5℄. The properties of nu
learmatter are however not only important for the understanding of the sub-atomi
 world but have also strong impli
ations on the fate of astrophysi
alobje
ts in the universe. The EoS is, for example, an essential ingredientin the des
ription of the 
ontra
tion of massive stars leading to supernovaeexplosion and neutron star formation [6℄.From a more general point of view, hot nu
lei 
onstitute (with metalli

lusters) rather unique systems in nature. They are perfe
t quantum obje
tsand their fragmentation properties (see later) do truly 
orrespond to theirintrinsi
 stru
ture and do not depend on spe
i�
 defe
ts. More, in hot nu
lei,both a long range for
e (the 
oulomb for
e) and a short range for
e (thenu
lear for
e) 
oexist. Last, as �nite obje
ts whose number of 
onstituentsand N/Z ratio 
an be 
ontrolled, they allow to study the behaviour of a�nite mesos
opi
 system.As already stated above, the only way to produ
e hot and dense matterin the laboratory is by means of dissipative nu
lear 
ollisions. The di�
ulty
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s of Hot Nu
lei Studied with INDRA 23is then to extra
t the relevant observables from 
omplex transient pro
esses.Therefore, data of very good quality is a prerequisite to 
hara
terize quanti-tatively the system in terms of physi
al variables and rea
tion me
hanisms.In this paper, we dis
uss experimental results obtained with a dedi
ated 4�dete
tor, INDRA [7℄, used in a series of 
ampaigns at the GANIL fa
ility.2. Rea
tion me
hanisms in the Fermi energy rangeThe study of hot nu
lei is intimately linked to the study of the 
ollisionsduring whi
h they are produ
ed. Rea
tion me
hanisms at �intermediate�beam energies are better understood when viewed with the help of 
on
eptsdeveloped for energy regimes (high or low beam energies) in whi
h rea
tionme
hanisms are well known.Rea
tion me
hanisms in the 
oulomb barrier region and below 15 MeV/uhave been studied for a rather long time now [8℄. Dissipative rea
tions, also
alled deep inelasti
 
ollisions (DIC) and possibly fusion, are observed formore 
entral 
ollisions. They are 
lear signatures of mean �eld e�e
ts leadingto a 
olle
tive behaviour of the involved nu
lei. In the DIC 
ase, proje
tileand target nu
lei are strongly slowed down due to nu
lear matter fri
tion.For a short time they form a �quasi-mole
ular� state before reseparation.During this step, nu
lei may ex
hange nu
leons. Fusion 
orresponds to themost 
entral 
ollisions.The dissipation pro
ess in relativisti
 heavy ion 
ollisions (0.2�1 GeV/urange) is dominated by hadroni
 
as
ades be
ause the wavelength asso
i-ated with nu
leon-nu
leon 
ollisions is shorter than the nu
leon size. The
orresponding relative velo
ity between proje
tile and target nu
leons is alsomu
h larger than the Fermi velo
ity. For these two reasons, 
ollisions 
an besafely des
ribed by geometri
al 
on
epts leading to the so-
alled parti
ipant-spe
tator pi
ture: nu
leons whi
h do not belong to the overlapping zone ofthe two in
oming nu
lei do not su�er hard nu
leon-nu
leon 
ollisions and
onstitute the spe
tators while the other ones are the parti
ipants. Sizeableex
itation energies 
an be deposited in the parti
ipant zone. Sin
e thesesystems are produ
ed in semi-peripheral 
ollisions, one may expe
t that the
orresponding nu
lear matter is not 
ompressed. Peripheral relativisti
 
ol-lisions thus appear as relevant tools to study hot but un
ompressed nu
learmatter (see [9℄).The intermediate energy range (dis
ussed here) is typi
ally a transitionregion in whi
h both aspe
ts of low and high energy rea
tions dis
ussedabove are present. The dominan
e of binary type 
ollisions (as a reminis-
en
e of low-energy like pro
esses) has been observed in several heavy ormedium-mass systems. However, the most spe
ta
ular signature of new re-a
tion patterns at in
ident energies around the Fermi energy is 
ertainly the



24 G. Auger et al.formation of the so-
alled ne
k-like stru
tures (see for instan
e [10℄). Froma theoreti
al point of view, strong deviations from a pure DIC s
enario havebeen observed in the simulation of nu
lear 
ollisions at intermediate im-pa
t parameters in the framework of semi 
lassi
al transport theories eitherBUU-like models [11℄ (as shown in �gure 1) or based on mole
ular dynam-i
s [12℄. It is established that ne
k-emission is strongly 
onne
ted with theproje
tile-target geometri
al overlap during the 
ollision [13, 14℄. Thus, it
an be tentatively interpreted as the �rst manifestation of the formationof a parti
ipant zone as observed at relativisti
 energies. However, it 
ouldalso be due to deformation me
hanisms involving longer time s
ales. Studiesalong this line are in progress [15℄.
Xe+Sn at 50 MeV/nucleon
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Fig. 1. Per
entage of matter emitted at mid-rapidity as a fun
tion of the relativevelo
ity vrel between the two partners of a disipative binary 
ollision (Xe+Sn at50 MeV/u). This last quantity is a good measure of the impa
t parameter b ofthe rea
tion: the larger vrel, the larger b. Data are solid 
ir
les, open triangles arethe result of a semi-
lassi
al transport model (Landau�Vlasov in the present 
ase).Stars are the predi
tions of sto
hasti
 mean �eld 
al
ulations (see the original paperfor more details). From [13℄.Central 
ollisions are the key rea
tions to really probe matter in its ex-treme states sin
e they 
orrespond to the largest dissipated energies andpresumably to the largest 
ompression. But, for obvious geometri
al rea-sons, the 
ross se
tion 
orresponding to fused systems is quite small (a fewtens of millibarns). This means that e�
ient sele
tion methods have to beused. La
k of spa
e does not allow us to dis
uss this subje
t in details. Let usmention that several methods have been developed re
ently by the INDRA
ollaboration making use of global variables [16℄, �ltering te
hniques [17℄and multi-dimensional analysis [18,19℄. Using su
h te
hniques, it is possibleto isolate samples of events presenting a high degree of isotropy suggesting



The Physi
s of Hot Nu
lei Studied with INDRA 25an almost 
omplete loss of memory of the entran
e 
hannel [16, 20℄. Su
hevents are good 
andidates for the study of the de
ay modes of hot nu
lei:they are dis
ussed now.3. De
ay modes of hot nu
leiThe key tools to study hot nu
lei are based on the te
hniques of nu
lear
alorimetry and thermometry. These are very vast subje
ts whi
h will notbe dis
ussed here (see for instan
e [10℄). The de
ay modes of hot nu
lei 
anroughly be de
omposed into two regimes:� The low energy de
ay modes asso
iated with a moderate ex
itationenergy E� (that is E� smaller than the binding energy): these arethe evaporation of light parti
les a

ompanied by �ssion in the 
ase ofheavy or rapidly rotating nu
lei.� The high energy de
ay modes asso
iated with E� of the order or largerthan the binding energy: these are the fragmentation and the vapor-ization pro
esses. A detailed analysis of nu
lear fragmentation times
ales reveals a gradual transition from a sequential pro
ess (as a rem-inis
ent of �ssion) towards the emission of several fragments on a veryshort time s
ale (often denoted multifragmentation) [10℄. Vaporizationis de�ned as the pro
ess in whi
h only light parti
les (up to Z = 2) areobserved in the �nal state of the rea
tion. It 
orresponds to a 
ompletedisassembly of the system. Su
h events have been observed in Ar+Ni
ollisions [21℄.We 
on
entrate on nu
lear fragmentation in the following. Data 
anbe interpreted in the framework of nu
lear thermodynami
s. This is moti-vated by the predi
tions of those transport models [11℄ showing a rather fastthermalization of the system but we will see later on that other dynami
almodels (namely those based on mole
ular dynami
s) suggest a di�erent be-haviour. In the 
ontext of a fast approa
h to equilibrium, a possible s
enariofor nu
lear disassembly is the following:� In the early instants of the 
ollision, a 
ompression phase is initiatedduring whi
h a small part of the parti
les es
apes the system: thisis 
alled pre-equilibrium emission. This latter 
an be evaluated byanalysing kineti
 energy and angular distributions. Su
h a 
omponentis presumably asso
iated essentially with light parti
les.� The 
ompression phase is followed by an expansion driving the sys-tem to low density. A 
lear (but not unambiguous (see later)) signa-ture of su
h an expansion phase lies in the identi�
ation of a 
olle
-tive outwards motion of the matter. This motion has been quanti�ed



26 G. Auger et al.by 
omparing the mean 
entre-of-mass kineti
 energy of the dete
tedfragments with 
omputer simulations in whi
h a 
olle
tive self-similarmotion has been added to the thermal motion [20℄. Su
h a �ow hasindeed been identi�ed in nu
lear 
ollisions in the Fermi energy range.It 
orresponds to a 
ouple of MeV/u and is however always relativelysmall as 
ompared to the dissipated energy and the binding energy ofthe system [10℄.� The system rea
hes the so-
alled freeze-out stage and breaks into frag-ments whose ex
itation energies 
an be estimated with the help of lightparti
le-fragment spa
e-time 
orrelations [22℄. This is the time afterwhi
h the 
hemi
al 
omposition of the matter (this means the di�er-ent populations of nu
lear spe
ies) is kept �xed as well as its thermalproperties. This assumes impli
itely that no more matter or energyex
hanges o

ur within the system. The spe
ies then propagate in theoverall 
oulomb �eld.Assuming equilibrium, the freeze-out stage 
an be des
ribed with di�er-ent statisti
al approa
hes. Very 
ommonly used models are the so-
alledmultifragmentation models: namely the Copenhagen model (also 
alledSMM [23℄) and the Berlin model (MMMC [24℄). A 
omparison of the IN-DRA data with the SMM model is shown in �gure 2. A ni
e agreement isobtained between the model and the data on
e the input parameters of themodel have been 
onstrained by a multidimensional ba
k-tra
ing te
hnique( [25℄).
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Fig. 2. Bla
k points; atomi
 number distribution for 
entral Xe+Sn 
ollisions at 50MeV/u. Open points: atomi
 number distribution of the largest fragment dete
tedevent by event. The solid (resp. dashed) line 
orresponds are the results of theSMM model for all (resp. the largest) fragment(s) of ea
h dete
ted partition.From [26℄.



The Physi
s of Hot Nu
lei Studied with INDRA 27The observation of a 
olle
tive �ow in the data suggests the key role that
ould be played by the dynami
s in fragmentation phenomena. A detailedstudy of the liquid-gas phase 
oexisten
e region indeed reveals two distin
tzones: one is asso
iated with the metastability of the system while the otheris the unstable region (also 
alled spinodal region). There is a question towhi
h extent the system really rea
hes the unstable region during its ex-pansion phase as the 
onsequen
e of the 
olle
tive motion mentioned above.The INDRA data obtained in 
entral Gd+U and Xe+Sn 
ollisions have beensu
essfully 
ompared with the predi
tions of a mi
ros
opi
 model des
ribingthe dynami
al path followed by the system. The model indeed predi
ts anex
ursion in the spinodal region. A signature of this pro
ess 
an be found inan analyses of the fragment 
harge distribution of the two systems. This isillustrated by the results displayed in �gure 3. The s
aling of the two 
hargedistributions is 
learly demonstrated as predi
ted by the transport modelused for the analyses.
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28 G. Auger et al.The two pre
eding analyses impli
itly assume a rapid equilibration ofthe system. Other analyses using the QMD (Quantum Mole
ular Dynam-i
s) model support a di�erent interpretation [12, 28℄. In su
h models, noequilibration of the matter is a
hieved in the 
ourse of the rea
tion. Frag-mentation is triggered by the initial 
orrelations among the nu
leons of theproje
tile and the target. The observed 
olle
tive motion is the result ofthe Fermi motion of the nu
leons and no sizeable 
ompression is predi
tedby su
h models [28℄. In [29℄, a systemati
 
omparison with the data ofthe predi
tions of QMD has been performed. Figure 4 is an example ofsu
h a 
omparison for three di�erent 
lasses of events. A good agreementis a
hieved. It should however be noted that strong deviations between themodel and the data are observed for very 
entral 
ollisions (those dis
ussedin the two previous �gures). Here, new analyses are ne
essary to disentanglebetween the various theoreti
al approa
hes proposed up to now.
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-
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s of Hot Nu
lei Studied with INDRA 294. Summary and perspe
tivesThe quality of the data obtained by the INDRA 
ollaboration (and alsoby other 
ollaborations) is an important step towards the understanding ofthe phenomena o

urring in dissipative nu
lear 
ollisions in the Fermi energyrange. New rea
tion me
hanisms have been identi�ed and 
arefully studied.In parti
ular, the o

urren
e of mid-rapidity emission in semi-
entral 
olli-sions and the presen
e of a 
olle
tive radial motion in 
entral 
ollisions are
ertainly interesting phenomena as far as the transport properties of nu
learmatter are 
on
erned.Nu
lear fragmentation data obtained in 
entral 
ollisions raises severalfundamental questions 
on
erning the behaviour of nu
lear matter in ex-treme 
onditions. Results 
on
erning the thermodynami
al properties of hotfragmenting nu
lei as well as the identi�
ation of the instability responsiblefor nu
lear disassembly (namely the spinodal de
omposition) are en
ourag-ing results. However, other interpretations involving more rapid pro
esseshave also been proposed. The situation is therefore 
ontrasted and demandsmore involved theoreti
al analyses.New data taken at the SIS fa
ility are presently being analysed ( [30℄).They will allow an ex
ursion at in
ident energies up to 250 MeV/u for heavyand medium mass symmetri
 systems. Useful 
omparisons with the resultsobtained by other 
ollaborations (ALADIN, FOPI and EOS) will be possible.No doubt that su
h new data will help to 
larify the points that have beenbrie�y dis
ussed in this paper.One of us (D.D.) would like to thank warmly the organizers and theparti
ipants of this S
hool for friendship, kindness and hospitality. He alsoshares the pain and sorrow of the Polish nu
lear physi
s 
ommunity followingthe sudden death of Professor Szyma«ski.REFERENCES[1℄ Pro
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