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I. INTRODUCTION 

The word fragmentation has been used for, at least, two different pro
cesses in nuclear reactions. First in 1956 R. Wolfang et al. [l] have to 
postulate a new mode of de-excitation, besides spallation and fission, to 
account for light fragments observed in the interaction of high energy pro
tons (600 MeV to 3 GeV) with lead. This new mode of de-excitation has been 
termed fragmentation. Then in 1972 H.H. Heckman et al. [2] have observed 
fragments having the characteristics of projectile fragment in the inter
action of 2.1 GeV/u 1 < fN with 1 2 C . Although this process has some similar
ities with spallation, they called it fragmentation. In the following, I 
will refer to this process as projectile fragmentation while the former 
process will be called nuclear fragmentation. In this lecture I will consid
er these two different aspects of fragmentation but I will also put the 
emphasis on heavy ion induced reactions. 

In section II devoted to projectile fragmentation, are presented the 
preliminary results of an experiment performed at GANIL (Caen, France) to 
study peripheral heavy ions induced reactions at intermediate energy namely 
the reactions : 1*0Ar + 2 7A1 and l t 0Ar + n a t T i with a 44 MeV/u u 0Ar pro
jectile. This experiment is the joint participation of : 

J. Barrette, B. Berthier, E. Chavez, D.M. de Castro Rizzo, 0. Cisse, 
R. Dayras, R. Legrain, M.C. Mermaz, A. Pagano, E.C. Pollacco, 
from : DPh-N/BE, Saclay 

H. Delagrange, W. Mlttig, 
from : GANIL, Caen 

B. Heusch, 
from CRN Strasbourg 

G. Lanzano, A. Palmeri, 
from INFN, Catania, Italy. 



-2-

The results of this experiment will illustrate the characteristics of 
projectile fragmentation and this will also give the opportunity to study 
projectile fragmentation in the transition region. 

In Section III I will consider nuclear fragmentation which is associ
ated with more central collisions in the case of heavy ion induced reac
tions. I will also illustrate this aspect of fragmentation with two heavy 
ion experiments in which fragments emitted at large angle have been observ
ed : 

1) the reaction 2 0 N e + 1 9 7 A u with a 38 MeV/u 2 0Ne projectile performed 
at SARA, Grenoble, France. It has been achieved by the joint participation 
of : 

Y. Cassagnou, M. Conjeaud, S. Harar, R. Legrain, E. Pollacco, C. Volant 
from DPh.N/BE, Saclay. 

J. Menet, J.B. Viano 
from I,.S.N. Grenoble. 

2) the reaction t*°Ar + 1 9 7 A u with a 44 MeV/u l*0Ar projectile performed 
at GANIL, Caen, France with the joint participation of : 

Y. Cassagnou, D.M. de Castro-Rizzo, R. Dayras, R. Legrain, 
L. Rodriguez, N. Saunier 

from DPH.N/BE, Saclay. 
M.G. Saint-Laurent 

from GANIL, Caen. 
R. Fonte, J. Itnme-Raciti, G. Raciti from Catania, Italy. 

II. PROJECTILE FRAGMENTATION 

II.1. General characteristics 

In the seventies, a series of experiments was made at Berkeley using 
relativistic 1 2 C , 1 6 0 refs.[3,4] and H 0Ar refs.[5J projectiles. From this 
work the general characteristics of projectile fragmentation at high energy 
have emerged : 

1) The momentum distribution of projectile fragments can be paramet
rized In the projectile rest frame as : 

^ - C expC-P^oj) exp(-(P r<P n>) 2/2a2) ( 1 ) 

<« -e Pj_ and Pj are the tranverse and longitudinal momenta of the frag-
ments,* P|| > is the value of the shift from zero momentum, which is small 
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and a_L and aj are the widths for the transverse and longitudinal momen
tum distributions 0| - oĵ  within 10Z [ 3]. 

2) The distribution of eg as a function of fragment mass number F is 
in agreement with the parabolic form : 

2 2 F(A - F) ,,. 
°» " a 0 A - l ( 2 ) 

with OQ " 80*90 MeV/c, where A is the projectile mass number. This 
parabolic dependence on fragment mass arises from a variety of theoretical 
approaches all dependent on simple postulates including momentum 
conservation [6-8]. A.S. Goldhaber [8] has shown that the reduced momentum 
width O~Q could be related to the Fermi momentum Pp in the case of a fast 
statistical dissociation of the projectile governed by the distribution of 
nucléon momenta in the projectile before collision. In this case: 

so " V * ' (3) 

But in recent years, the basic assumptions of this statistical frag
mentation model [8] have been re-examined by G. Bertsch [9], M.J. Murphy 
[lO], and W.A. Friedman [ll]. 

Remaining in the same framework, G. Bertsch and M.J. Murphy have shown 
that it was necessary to take into account the Pauli principle on the momen
ta of the nucléons that make up the fragment [9] and the constraints imposed 
by the requirement that the fragment must be a Fermi gas [10]. With these 
corrections included the statistical fragmentation model does not reproduce 
the data any more [ 10]. 

With a different approach which emphasizes the peripheral nature of 
fragmentation reactions, W.A. Friedman claimed that the separation energy 
(of the fragment and the removed portion of the projectile) and not the 
Fermi momentum is determining the parallel momentum widths. The parameter of 
this peripheral model is contained in a cut-off radius XQ that ensures the 
peripherality of the reaction, XQ is parametrized as: 

*o " ro 4 / 3 ( 4> 
where Ap is the fragment mass number. With TQ - 1.2 fm the agreement 
with the data for 0 1 6 and C 1 2 projectiles is improved relative to the para
bolic law. 
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A.S. Goldhaber [ 8J has also shown that on the other hand, if th.. nucle
us comes to equilibrium at temperature T after excitation and then decays to 
the observed fragment, we have: 

o 0 » mkTF(A - F)/A (5) 

where m is the nucléon mass and k the Boltzmann constant. 
3) The fragmentation cross sections are generally reproduced by an 

abrasion-ablation model [12-13]. In this model, the fragmentation occurs in 
two steps. 

In the first step, the abrasion stage, the overlapping nuclear matter 
is sheared away from both the target and the projectile. The remaining pre-
fragment is left in an excited state and subsequently decays, this is the 
ablation stage. Two different approaches have been used to treat the abra
sion : the Glauber model [13] and the fireball geometry [12,14] ; both ap
proaches give similar results. 

For 2.1 GeV/u 1 6 0 projectiles, the widths [15] and the shifts [l6] of 
the momentum distributions have also been reproduced in the framework of the 
abrasion-ablation model. It should be mentioned that the possibility of 
observing tsospin ground state correlations directly in mass and charge 
distributions of projectile fragments has been discussed [17,18], but the 
comparison [19] of an abrasion-ablation model Including correlations and of 
an uncorrelated intranuclear cascade model with available data gives no 
definite answer since both models are in agreement with experimental 
results. It has also to be noted that there is evidence for the validity of 
the geometrical abrasion model of relativistic heavy ions [20]. This has 
been obtained by comparing the distributions of summed projectile masses for 
2.1 GeV/u 2 0Ne on 1 2 C and 2 0Ne on Mo measured with a calorimeter and calcul
ated using the abrasion model. 

The interest In the energy dependence of projectile fragmentation in
creased with the measurement [2l] of energy spectra of projectile fragments 
emitted in the reaction of 20 MeV/u 1 6 0 on 2 0 8 P b similar to energy spectra 
observed with 2.1 GeV/u projectiles. Furthermore, the relative fragment 
yields were found remarkably similar at 20 MeV/u and 2.1 GeV/u [22,23]. 
Since then other experiments have been performed with different projectiles 
in the energy range 10 * 100 MeV/u [24-34], It appears that the reduced 
momentum width OQ exhibits a relatively rapid increase in this energy 
range from a low value below 10 MeV/A to the asymptotic value (80+90 MeV/c) 
at relativistic energy. The reasons for this transition are not known 
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yet but it seems that the high energy regime of projectile fragmentation 
begins to set in at 40 * 45 MeV/u. 

For incident energies lower than ~ 100 MeV/u, og and <Jj_ are not 
found equal any longer. The larger 0j_ observed for 1 6 0 induced reactions 
at 90 and 120 MeV/u [3l] have been interpreted as being due to the orbital 
deflection of the projectile in the nuclear and Coulomb potentials of the 
target. In this case a momentum is transferred to the projectile and the 
transverse momentum width is given by: 

2 _ F(A - F) 2 F(F - 1) 2 f 

°1 A - 1 a 0 + A(A - 1) a D ( 6 ) 

2 1 2 where the first term is identical to relation (2) and a_ • -=• < P.. > is the 
variance of the tranverse momentum of the projectile at the time of fragmen
tation. 

Now we are going to look, in more details, at the results of an experi
ment performed in the transition region. 
II.2. Fragmentation of l f 0Ar at 44 MeV/u 

This experiment was performed at the new heavy ion facility GANIL at 
Caen (France). A 44 MeV/u beam was used to bombard ~ lmg/cm2 thick self-
supporting 2 7A1 and n a t T i targets. Projectile-like fragments were de
tected in a multi-silicon-detector telescope at angles ranging from 2.5° to 
15° and their 1.80 o time-of-flight path was measured providing mass identi
fication. Light-particle energy spectra were also measured between 5° and 
60° with two telescopes consisting of two silicon-detectors and a sodium 
iodide scintillator. 

Some of the features of the projectile-like fragments observed in this 
experiment may be seen in Figs. 1-4. The distribution of produced fragments 
is very broad and extends from the projectile down to light particles. At 
the most forward angles, fragments with Z and A greater than those of the 
projectile are observed (Figs 1-3). As in high energy fragmentation, the 
energy spectra (Fig.4) are peaked at an energy slighty lower than the energy 
corresponding to projectile velocity. However these spectra are asymmetric 
with a low energy tall which is not observed at higher energy. Typical angu
lar distributions for a few fragments produced in the reaction i*0Ar + 2 7A1 
are shown in Fig. 5. They are strongly forward peaked for nuclei near the 
projectile and broadened as the mass of the fragment decreases. 



After integrating over energy and angles, the mass distribution for the 

reaction **°Ar + 2 7A1 is shown on Fig. 6 while Fig. 7 shows the ratio of the 

mass yields between the two reactions **°Ar + oatxi. and '•°Ar + 2 7A1 

The primary mass distribution predicted by the clean-cut abrasion-ablation 

model [l2,14] and the calculated ratios of the mass yields between the two 

reactions are also reported on Figs 6 and 7 ; no normalization coefficient 

has been applied to the calculation. Considering the simplicity of the model 

and some of its approximations which should be only valid at relativistic 

energies, the agreement with the data Is surprisingly good in the intermedi

ate mass region (~ 20 to ~ 35). For fragments close to the projectile, the 

excitation energies calculated with simple minded surface consideration in 

the framework of the liquid drop model are too small, thus prohibiting those 

fragments to decay by particle emission. This leads to an excess yield for 

the heaviest fragments. For light fragments, they may be produced by various 

mechanisms and the disagreement between the calculation and the data does 

not imply a defect of the model. Obviously, the model cannot reproduce the 

cross section for fragments heavier than the projectile which are indicative 

of transfer processes. 

In Fig. 8, we have reported the most probable kinetic energy Ep (in 

MeV/u) of the fragments as a function of their mass. Two trends can be dis

tinguished in the data : a general linear decrease of the energy Ep with 

the fragment mass and, for fragments with a given Z a much sharper decrease 

of the energy Ep with the mass of the isotope. In relativistic heavy ion 

collisions, this velocity shift has been imputed by A. Abul-Magd et al. [l6] 

to a frictional force resulting from the binding energy of the nucléon abra

ded from the projectile. The application of this model at such a low inci

dent energy as 44 MeV/u is questionable and not straightforward. 

Relation (1) can be transformed in the laboratory reference frame to 

get the double differential cross section : 

Al„ ,,- E_sin2e E_cos29 - (E-I)cose + I 
£% - H0(2EpP,

l'2„p[- F (-Lj_ • J. ^ ,] (7) 

which can be directly compared to the laboratory energy spectra. In this 

expression, F and Ep are the mt'ss and the kinetic energy spectra of the 

fragment respectively, E is the most probable kinetic energy, N. is a norm

alization factor and 9 is the laboratory detection angle. 
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As it has been mentioned earlier in both the "*°Ar + 2 7A1 and 

*°Ar + n a t T i reactions, the energy spectra (Fig. 4) display a low ener

gy tail which cannot be explained in the framework of the pure fragmentation 

model. In the following analysis, it has been assumed that only the high 

energy component of the spectra may have its origin in fragmentation. In 

order to extract values of oj, the energy spectra were fitted using rela

tion (7) in which a. and Ê were considered as free parameters. To minimize 

the effect of the transverse momentum P± only, the most forward angle 

(2.5°) was considered. The fits were started on the left of the spectra at 

an energy corresponding to 80Z of the maximum value. The results of these 

fits are shown for few fragments from the **°Ar + 2 7 A 1 reaction by the light 

drawn curves of Fig.14 

The extracted variances on are shown in Fig. 9 as a function of the 

fragment mass. Taking O~Q • 87 MeV/c, the variances 0| are in average 

well described by the parabolic law given by relation (2) and represented by 

the full drawn curve of Fig.9. A similar agreement is obtained for the 

reaction w 0 A r + n a t T i . Comparing this value of OQ - 87 MeV to the 

evolution of OQ with the projectile energy on Fig. 10, it seems that at 

~40 MeV/u o~o is just reaching its saturating value. 

But this value (OQ » 87 MeV/c) is of course too high to be compatible with 

the statistical model of fragmentation [8] including the corrections of G. 

Bertsch [9] and M.J. Murphy [lu]. However it has to be pointed out that the 

peripheral model of W.A. Friedman [ll] yields too high OQ values with the 

usual value of the parameter TQ (TQ • 1.2 fm). Ic is necessary to use 

much lower values of TQ (TQ • 0.5 * 0.6 fm) in order to get reasonable 

agreement with the > > 0Ar data. But these quite small values of r 0 are not 

really In agreement with the peripherlcal characteristic of the model. 

After integration over energy relation (7) can be used to fit the 

angular distributions of the fragments. To do so it has been assumed that 

a. was given by relation (2) with a • 87 MeV/c whereas o. was considered as 

a parameter to be adjusted to fit the data. When considering the whole 

measured angular range, it was not possible, by using relation (7), to get a 

good fit to the angular distributions. This suggests again that other 

mechanisms than fragmentation may contribute to the production of 

projectile-like fragments. Thus we have limited the fits to the most forward 

angles (9 < 6°) where fragmentation should dominate. Few examples of those 

fits are shown in Fig. 5. On 

function of the fragment mass 

Fig. 11, the extracted values of <Jj_ as a 

are presented. In sharp contrast with 
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relativistic energy data, for a given fragment, o± is much larger than 
C| as already observed in the fragmentation of 1 6 0 at 90 and 120 MeV/u 
[31]. 

Thus taking into account the orbital dispersion of the projectile in 
the combined Coulomb and nuclear target fields, we tried to reproduce the 
data using relation (6) . However as illustrated by Fig. 11, it not possible 
to find a value of the variance on (due to orbital dispersion) reproducing 
the data. 

Another difference with higher energy data has to be noted. It has been 
observed [35] for different projectiles at E/A = 100 MeV/u that, for 
fragments with the same mass A but different atomic number Z, the variance 
aj_ decreases slightly but systematically as Z increases. This effect was 
imputed to a Coulomb final state interaction between the fragments and the 
protons dissociated from the projectile. In the present case for fragment 
with mass greater than 20, exactly the opposite effect is observed and it 
seemed difficult to be explained with a Coulomb final state interaction. 

Finally it is also possible to get some information on projectile frag
mentation from the light particle measurement. For example alpha particle 
spectra obtained at angles from 5° to 60 s are presented on Fig. 12. These 
spectra have been analysed in terms of moving thermal sources, actually two 
sources have been necessary to fit the data as shown by the full drawn curve 
on Fig. 12. Each source was parametrized as follows [36]: 
2 

^ - 2 - - NQ(E - Z E C ) 1 / 2 exp[- (E - ZE C + E x - 2 E | / 2 ( E - ZE c) 1 / 2cos9)/T] (8) 

Here Eg is the kinetic energy gained by the light particle due to the 
Coulomb repulsion from the remnant of the target, E^ * mv 2/2 is the kinet
ic energy of a particle at rest in the moving frame, T is the source tempe
rature, 9 is the detection angle and NQ is an overall normalization cons
tant. 

In this case we took Eç • 0 and we obtained a high velocity source 
(v/c - 0.238, T - 8.75 MeV) and a low velocity source (v/c - 0.111, T - 11.3 
MeV). The low velocity source is the usual source observed in light particle 
emission at large angles [36] and its characteristics fit quite well the 
existing systeoatics. The velocity of the high velocity source is close to 
the projectile velocity and according to relation (5) T - 8.75 Mev yields 
OQ • 89 MeV/c. This is obviously a fragmentation source. Furthermore, the 
discrepancy between the fit and the data at 5°, 10s and 15° can be reproduc-
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ed by an additional source simulating the decay of projectile pre-fragments. 
The parameters of this source are : v/c * 0.294 and T - 4.09 MeV. This 
temperature would correspond to an excitation energy of ~ 60 MeV for pre-
fragment of mass 30. This is a further confirmation of the existence of a 
two-step mechanism in projectile fragmentation. 

11.3. Summary 

Many features of the high energy fragmentation-like fragments having 
velocities close to the projectile velocity and momentum width close to 
the saturation value are present at 44 MeV/U, however several aspects such 
as energy dissipation and transfer processes are reminiscent of a low energy 
behaviour. 

The abrasion-ablation model which is in agreement with data at high 
energy gives surprisingly good results when compared to 44 MeV/u data. 

A satisfactory unified description of the momentum distribution of 
projectile fragments that includes the transition region remains to be de
veloped . 

III. NUCLEAR FRAGMENTATION 

III.l Introduction 

The interest in nuclear fragmentation has been recently renewed by the 
interpretation of the fragment emission in high energy protons (80 to 
350 GeV) induced reactions as a critical phenomenon [37-39]. At the same 
time, the possibility of existence of a liquid-gas phase transition [40-45] 
and more generally the evolution of the initially heated zone (fireball) 
[46,47] in fragmentation reactions was considered theoretically. In analogy 
with the condensation theory of Fisher [48] which predicts the distribution 
of droplets of size A from a condensed vapour at the critical point to be: 

P(A) ~ A"* (9) 

It has been suggested [37,49] that this power law dependence with T - 2 * 3 
may constitute a signature for the occurence of phase transition phenomena 
near the critical point. But A.O. Panagiotou et al. [50] have fitted the 
fragment distributions from various reactions [31,51-54] with a power law 
dependence and plotted the apparent exponent obtained from this analysis as 
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a function of the temperature of the system (Fig. 13). They have associated 
the minimum value of the apparent exponent with the critical temperature 
T c yielding T c - 11 * 12 MeV. Although D.H. Boal [55] found some ambi
guities in this analysis, it is interesting to note that the critical tem
perature would be in a range easily obtained with intermediate energy heavy 
ions. 

Alternative models for the fragment emission in heavy ions induced 
reactions also exist. They are based either on a statistical and chemical 
equilibrium picture [56,57] or they assume that the fragments come from the 
remnant of the target which breaks into many pieces in the more central 
collisions while only minimal statistical assumptions are made [58-61]. Let 
us now look at the results of two experiments for which any of these models 
could be valla 

III.2. Fragmentation emission in 2 0Ne + 1 9 7 A u and 1 , 0Ar + i 9 7 A u reactions 

Fragments emitted at large angles have been detected in a silicon 
detector telescope in two different experiments. In the experiment per
formed at GANIL using a 44 MeV/n **°Ar beam, the fragments (5 <A<18) have 
been isotopically identified but in the experiment performed at SARA with a 
38 MeV/n 2 0Ne beam, only a charge separation has been achieved up to now. 

Figs. 14 and 15 show some examples of fragment energy spectra for the 
two reactions. Two features are prominent on these spectra. 

1) The high energy part of the spectra shows a slope which becomes 
steeper with increasing angle. 

2) The maximum observed at low energy is moving to lower energies with 
increasing angle. 

These spectra look similar to the light particle energy spectra which 
have been successfully fitted with a moving source model [36]. 

On Figs 16 and 17, contour lines of invariant cross sections are drawn 
in the velocity plane (p||.Px)' 0° a 1 1 these velocity plots a crescent-
shaped ridge is prominent at intermediate longitudinal velocity. It is par
ticularly clear in the case of the Ne + Au reaction that a projectile velo
city component is deforming the spectra at the most forward angles for frag
ments such as 0 and B lighter than the projectile. 

An attempt to parametrize the data using the moving thermal source 
model and relation (8) has been made. The solid lines on Figs. 14 and 15 
correspor. to the results of such a fit for the Ne + Au reaction ; in order 
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to avoid a projectile fragmentation contribution only the most backward 
angles have been included in the fit of the energy spectra for fragments 
with Z < 10, while all the measured angles have been used to fit the spectra 
of the fragments heavier than the projectile. The fit is only fair ; however 
the general trend of the data seems to be reproduced. This can also be seen 
of Fig. 18 which shows the velocity plot resulting from the fitting 
procedure for the 6Li fragments from the **°Ar + 1 9 7 A u reaction. The shape in 
the velocity plane is approximately reproduced. 

For the **°Ar + 1 9 7 A u reaction, all fragments between mass 6 and 15 were 
fitted with rather similar values of the two parameters T and v/c as shown 
on Fig. 19. The Coulomb repulsion from the remnant of the target E c has 
been set at 6 MeV per charge since this value gave the best results. 

In the case of the 2 0Ne + 1 9 7 A u reaction (Fig. 20) the value of the 
temperatures derived from the fit are comparable to those for **°Ar + 1 9 7 A u 
in the same fragment mass range, but for the heavier fragment there is a 
significant decrease of the temperature while the source velocity is 
smoothly decreasing from Z • 5 to Z » 16. 

The similarity of the temperatures over the measured range of fragment 
masses in the case of the Ar + Au reaction would suggest that the fragments 
originate from a common thermal source but on the other hand the decrease of 
the source velocity for the 2 0 N e + 1 9 7 A u reaction is not consistent with 
this hypothesis. However the moving source parametrlzation allows the com
parison of different data sets and suggests the Coulomb origin of the par
ticular fhape of the velocity plots. 

Integrating over angle and energy, the fragment production cross sec
tions are obtained. They are plotted on Figs 21 and 22 as a function of 
fragment mass for the **°Ar + 1 9 7 A u reaction and as a function of fragment 
charge for the 2 0Ne + 1 9 7 A u reaction. Also shown on these figures are fits 
to the production cross section with relation (9) giving values of i of 2.30 
and 2.31 for the l f 0Ar + 197Au and 2 0Ne + 1 9 7 A u reactions respectively. But 
in the condensation theory of Fischer [48] relation (9) is only valid at the 
critical point. More generally the production of droplets of size A is given 
by : 

P(A) - A""* exp[(aA 2 / 3 + bA - uA)/T] (10) 

where a - a(T) is the surface free energy per particle, b » b(T) is the 
volume free energy per particle and u is the chemical potential per par
ticle. 



u 
If x and y are two quantities defined as follows : 

x - exp (-a/T) (11) 

y - exp (-(b-n)/T) (12) 

then the Fisher law can be rewritten as : 
-T A 2' 3 A 

P(A) - A ^ x A y A (13) 
In the v i c i n i t y of the c r i t i c a l point, i t can be shown that if T>TC 

the surface energy i s zero since the droplets disappear into vapour and i f 
T < T c the volume energy i s equal to the chemical potent ial because the 
Gibbs free energy i s zero. 

Then for T » T c the quantit ies x = y = 1 and the distr ibut ion (10) 
has the simple form of relation (9) (P(A) • A - * ) . 

In analogy with real gas theory, the nuclear condensation picture pre
dicts a maximum in fragment production and thus a minimum value of x at the 
c r i t i c a l point. Fit t ing the data with relation (9) gives an apparent expo
nent in which the temperature factors are absorbed. Therefore thi3 apparent 
exponent varies with temperature as shown on Fig. 13. It can also be seen on 
Fig. 13 that our data points at mean temperatures 14.4 and 16 MeV for the 
2 0 N e + 1 9 7 A u and i , 0 Ar + 1 9 7 A u reactions respect ive ly , f i t quite well the 
systematic. But i t has also to be noted that in heavy ion reactions the 
c r i t i c a l temperature would be attained below 40 MeV/n incident energy . 
Nevertheless an exci tat ion function of the fragment dis tr ibut ion spanning 
the region of the c r i t i c a l temperature with an unique system is really need
ed. 

An alternative model which makes only minimal assumptions [59] can be 
easi ly compared to the data. In this model the fragments originate from the 
target spectator which breaks into pieces and the charge yield curve i s 
given by : 

do 1 
dZ ' °? exp (1.2Ô iNl ) -1 ( U ) 

o 
In this relation a i s the to ta l fragmentation cross section and Z 0 

is the charge of the nuclear system the fragments of which are detected. 
If Zp and ZT are the projecti le and target charges respect ive ly , 

Z 0 should be : 

Z » Z„ + Z-, - Ze O P T fast (15) 
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Here Z f a s t are the fast charged particles which are knocked out 
directly by the high energy projectile' : 

Only two assumptions have been made to derive formula (14) : 
1) Maximal entropy : any possible fragmentation is equally probable. 
2) Charge conservation. 
It has also to be pointed out that the same formula is valid for the 

partition of AQ nucléons. The predictions of formula (14) for the frag
mentation of a target-size object are compared to our data on Figs. 23 and 
24. The calculated distribution is not very sensitive to sensible changes in 
Z 0 and at these low incident energies, Z 0 is believed to be large since 
the projectile may be stopped in the target for small impact parameters and 
only a part of the geometrically overlapping volume form a fireball or a hot 
spot. 

The contribution of the evaporation coming from peripheral target frag
mentation has been approximated following X. Campi et al. [ôl] by : 

o e v - aQ exp(- 0.5 Ap) (16) 

and is also reported on Figs 23 and 24 where the sum of these two components 
(fragmentation and evaporation) with arbitrary normalization factors is 
represented by a solid line. The agreement with the data is surprizingly 
good. But it is only for fragments with Z < 10 in the case of the Ne + Au 
reaction that the fragmentation would account for the totality of the frag
ment cross section. 

This makes it difficult to test the predictions of the fragmentation 
models that are explicitely treating the dynamics of the reactions [60], 
because only poor statistics are available for the heavier fragments. Better 
measurements of fragments in the range of masses from 12 to 40 are necessary 
to be more conclusive on the reaction mechanism. 

III.3. Summary. 

The general features of the fragments energy spectra can be reproduced 
by a moving thermal source model: 

The fragment production cross sections can be fitted by a power law 
distribution and the apparent exponent obtained together with the tempera
ture derived from the moving source analysis fits quite well with the sys
tematica of fragment emission in proton or heavy ions induced reactions. 
This would show that the critical temperature if there is liquid gas phase 
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instabilities would be attained below 40 MeV/n incident energy in 2 0Ne or 
1 , 0 Ar induced reactions. 

A model of fragmentation of the remnant of the target with minimal 
assumptions is equally good in reproducing the fragments distribution if one 
takes into account the evaporation from more peripheral collisions. 

Better measurements of fragment production as well as an excitation 
function spanning the critical region and coincidence experimpents are ne
cessary to elucidate the origin of intermediate mass fragments and to be 
more conclusive about the existence of liquid gas instabilities. 

IV. CONCLUSION 

Intermediate energy heavy ion reactions offer at least two interesting 
problems : the onset of the high energy projectile fragmentation regime and 
the possible existence of liquid-gas phase instabilities. Many more expe
riments and calculations will be necessary. But we may learn how much energy 
a nucleus can absorb before breaking and it may give us a better knowledge 
of the nuclear equation of state. 
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Fig. 1 : Distribution of the project i le- l ike fragments in the Z vs M 
plane at 2.5° in the reaction "°Ar + 2 7 A 1 . 
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Fig. 2 : Z-distributions of the fragments as a function of 
detection angle for the reaction l*0Ar + n aH"i (a) 

and the reaction "°Ar + 2 7A1 (b)-
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Fig. 3 : M-distributions of the fragments as a function of 
detection angle for the reaction "°Ar + 2 7 A 1 . 
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Fig. 4 : Sample of energy spectra in the laboratory for few 
isotopes produced in the reaction 1*°Ar + 2 7 A 1 . The 
solid lines are fits to the data using relation (7). 
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Fig. 5 : Angular distributions of project i le- l ike fragments 
after integration over al l energies. The curves 

are f i t s to the data using relation (7). 
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Fig. 6 : M-distributions of the fragments integrated over energies and 
angles for the reaction " 0Ar + 2 7 A 1 . The dashed l ine is the 
M-distribution predicted by a clean cut abrasion calculation. 
The solid l ine is the excitation energy (right scale) of the 

fragments predicted by the calculation. 
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Fig. 7 : Ratios of the mass yields between the "°Ar + n a t T i and "°Ar + 2 7A1 
reactions. The solid line is the prediction of the clean cut 

abrasion calculation. 
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Fig. 8 : Most probable energy of the fragments in MeV/u as a 
function of their mass. 
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Fig. 9 : Longitudinal momentum variances as a function of the fragment 
mass for the reaction l , 0Ar + 2 7Al. The general trend of the 
data is well reproduced by the parabolic law (2) taking a = 87 MeV/c. 
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Fig. 10 : Evolution of a 0 with projectile energy in MeV/u. 
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Fig. 11 : Transverse momentum variances as a function of 
the fragment mass. The curves are the predictions 
of relation (6) using different values of a Q 
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Fig. 12 : Energy spectra of alpha particles from the reaction l , 0Ar + 2 7A1 
at E/A = 44 MeV. The solid lines correspond to the two moving 

source fit described in the text. 
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Fig. 13 : The apparent exponent xof the power law fit to the fragment dis

tributions as a function of the temperature. Our data points 

(black triangles) have been added to the figure of ref. 50. 
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Fig. 14 : Energy spectra of B, 0 and Na nuclei produced in 2 0Ne induced reactions on l , 7 A u at 
E/A = 38 MeV. The solid lines correspond to fits with moving source parametr1zati< 

of eq. (8). 
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Fig. 15 : Energy spectra of n B produced in w 0Ar induced 
reactions on 1 9 7 A u at E/A = 44 MeV. The solid lines 
correspond to a fit with the moving source parame-

trization of eq. (8). 
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Fig. 16 : Contour plots of invariant cross sections for B,0 and 
Na nuclei produced in 2 0Ne induced reactions on 1 9 7 A u 

at l l h = 38 MeV. 
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Fig. 17 : Contour plot of invariant cross sections for 6Li fragment produced in **0Ar 
induced reactions on 1 9 7 A u at E/A = 44 MeV. 
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. 18 : Contour plot of invariant cross sections for 6L1 resulting 
from the fit to the data using eq. (8). 
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Fig. 19 : Temperatures (a) and source velocities (b) extracted 
from moving source fits to the energy spectra of fragments 
produced in 2 0 N e induced on 1 9 7 A u at E/A » 38 MeV. 
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Fig. 20 : Temperature (a) and source velocities (b) 
extracted from moving source fits to the 
energy spectra of fragments produced in "°Ar 
induced reactions on 1 9 7 A u at E/A » 44 MeV. 
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Fig. 21 : Fragment cross sections as a function of fragment 

the 2 0Ne + 1 9 7 A u reaction compared to a power law di 

charge for 

stribution. 
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Fig. 22 : Fragment cross sections as a function of fragment 
mass for the "°Ar + 1 9 7 A u reaction compared to a power 

law distribution. 
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Fig. 23 : Fragment cross sections as a function of fragment charge for the 
2 0Ne + 1 9 7 A u reaction. The dotted and dashed lines corresDond to the 
evaporation and fragmentation contributions respectively. The solid 
line is the sum of these two contributions with arbitrary normali

zation coefficients. 
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Fig. 24 : Fragment cross section as a function of fragment mass for the 
•»oAr + i9 7 A u r e a c t i o n . The dotted and dashed lines correspond 
to the evaporation and fragmentation contributions respectively. 
The solid line is the sum of these two contributions with arbitrary 

normalization coefficients. 


