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Abstract. Several semi-exclusive experiments have 
recently been made : a large solid angle light particle 
muitidetector at forward angles has been used 
in coincidence with other reaction products. The 
conclusions are somewhat different from expectations 
based on inclusive results. Two examples are given. For 
Ar projectiles"at 35 MeV/u, transfer reactions remain 
the most important part of quasi-elastic projectile-
like fragments ; when projectile fragmentation occurs, 
it is most often asymétrie mulci- fragmentation. 
At 60MeV/u, in two particles correlations at small 
relative momenta, the correlation peak is strongly 
enhanced in low multiplicity events in the 
muitidetector, and reduced for high multiplicity 
events ; this is related to the lifetime of the 
source, as well as to its spatial extension. 



I - INTRODUCTION 

Several experiments have been made with heavy ions in the 
range 20-80 MeV/u in order to study the reaction 
mechanisms. Most of them have been inclusive experiments 
which have shown the vanishing of the reaction mechanisms 
observed below 15MeV/u (complete fusion, deep inelastic 
collisions ...) above 25MeV/u and have allowed to propose 
several hypothesis on new reactions mechanisms. In order to 
get more stringent testis of these hypothesis, we have made 
semi-exclusive experiments : when a product is detected, 
the charge (separated from 1 to 8, and all Z > 8 taken 
together) and velocity of coincident light particle (s) and 
fragment(s) were measured in 96 scintillators covering a 
forward cone with a 30° aperture with an opening between 0 
and 3° for the beam" (ref. li). 
WG will briefly recall the questions open by inclusive 
experiments and discuss the answer given by the semi
exclusive experiments about the mechanisms responsible for 
the production of quasi-elastic projectile-like fragments 
produced in peripheral collisions, and the two-particles 
correlations at small relative momenta. PLF relaxed in 
energy and supposed to be issued from an intermediate 
velocity source, heavy evaporation residues and fission 
fragments produced in more central collisions have also 
been studied ; the results are given in ref. 1. 

II - PERIPHERAL COLLISIONS : TRANSFER REACTIONS AND/OR 
FRAGMENTATION 

Projectile-like fragments were detected in a AE-E telescope 
moved on a broad angular range (3 to 45°). For Z between 20 
and 5, we observe a peak close to the beam velocity. As 
observed for several systems at different energies , it 
is high and narrow for products close to the projectile and 
shifts to lower velocities and broadens for lighter PLFS, 
It can be due to projectile fragmentation and transfer 
reactions . Since the distribution extends up only to 
Z = 20 but down to low values, it is generally assumed that 
projectile fragmentation is the dominant process (ref. 4,5) 

The plastic wall detects the other projectile fragment(s), 
since they are emitted at forward angles. It also detecxs 
the particle(s) emitted in sequential decay of a PLF 
(excited fragment or transfer product), sinct they are 
focussed to forward angles by the velocity of the emitting 
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FIGURE 1 
Energy distributions of projectile-like fragments in various 
coincidence configurations. 
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PLF. Since the wall was not complete in this experiment, a 
correction has been made for the results discussed in this 
paper. 
In figure 1 are shown the energy spectra oC fragments 
Z = 17,16,15 in the telescope at 5° according to the number 
of coincident particles in the wall. The percentage of each 
coincidence type, for a given Z in the telescope, are 
indicated (not corrected for the missing part of the wall). 
Let us consider first the events which necessarily imply a 
stripping reaction, i.e. events where the sum ZT of charges 
in the telescope and the wall is smaller than the 
projectile charge (18). When there is no particle in the 
wall, it is a pure stripping reaction : 78 % of Z = 17,54 % 
of Z = 16 ... This very large percentage was the surprise 
of this experiment. For lighter Z (i.e. Z Zproj. - 3), the 
probability of pure transfer decreases fast : it is less 
than 30 % at 5°. 
When there is one (or more) particle(s) in the wall this 
(these) particle(s) can be issued either from projectile 
fragmentation in the field of the target (i.e. both 
transfer and fragmentation occur for the same event) or 
emitted from the excited transfer product in flight 
(sequential decay). How to make the difference ? The 
velocity of the particles in the wall cannot be used, since 
it is close to the beam velocity in both cases. The angular 
correlation between the main fragment and the light 
particle has been obtained : the hydrogen and helium nuclei 
are found preferencially around the plane defined by the 
beam direction and the main fragment, on the opposite side 
"relative to the beam. The possibility of sequential decay 
has Deen tested via a Monte-Carlo calculation. The 
calculated distribution is similar to the measured one, 
mostly because of transverse momentum conservation. 
Transverse momentum conservation in fragmentation would 
also produce the observed correlation. Both cases described 
above are possible. Finally, we must rely on the excitation 
energy argument : in stripping reactions, the projectile is 
weakly excited and cannot decay mostly via particle 
emission. These events are then attributed to 
fragmentation. 

Now we consider the events where ZT = 18 (Z=17 and z=l ; 
Z-16 and z=2 or z =z =1 ; Z=15 and z=3, or z =l+z =2, or 
z = z =z =1). We attribute them to projectile fragmentation 
on the same basis as above. 
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FIGURE 2 
Total charge measured in the multidetector in coincidence 
with a projectile-like fragment of charge 15 detected at 5° 
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Projectile fragmentation without nucléon exchange to or 
from the target is not the dominant process. This is 
clearly seen in figure 2 : when, for instance, Z = 5 is 
detected in the telescope, the probability for charge 3 in 
the wall (in one or several particles), i.e. ZT = 18, just 
appears to follow the exponential decrease from 0 towards 
larger values. 
Is binary fragmentation more probable than multiple 
fragmentation ? In fig. 1, we see that fragmentation into 3 
or more particles becomes as probable as binary 
fragmentation already for Z=15 (i.e. Z=Zproj -3), two of 
these fragments being light particles. For lighter Z (not 
shown in fig.l), the probability of multiple fragmentation 
increases, but most of these fragments are z=l and 2 : 
20 % only(corrected for the missing part of the wall) of 
Z=6, 7 or 8 are accompanied by one fragment z >3. 
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FIGURE 3 
Relative probability of pure transfer/transfer + fragmenta
tion versas the detection angle of the projectile-like 
fragment, for several Z of the projectile-like fragment 
(values corrected for the missing part of the wall). 



The kinetic energy distribution of the PLF is different in 
the two mechanisms : it is shifted to lower energies (by 
more than lOOMeV) and broader for fragmentation products 
than for transfer fragments ( see fig.1), which means a 
stronger interaction with the target nucleus. 

This stronger interaction implies a deeper penetration of 
the nuclei, as is shown in fig. 3 : the relative 
probability of transfer versus fragmentation decreases when 
the angle of the PLF increases, i.e. when smaller impact 
parameter values are involved. 

Ill - TWO-PARTICLES CORRELATIONS AT SMALL RELATIVE MOMENTA 
f 

In nucleus-nucleus collisions at relativistic energies the 
interaction zone is restricted to the geometric overlap of 
the two nuclei (participant zone). 
The experimental determination of the dimensions of the 
interaction zone has a great interest at intermediate 
energies. In particular, an impact parameter dependent 
analysis could certainly provide a test to the proposed 
theoretical models. The experimental method which is 
generally used to measure the size of an emitting source is 
the light particle intensity interferometry (ref .8 ). We 
discuss here the measurement of correlation between 2 
particles when their coincidence with a multidetector 
system is used to trigger on the violence of the reaction 
(ref 12). Ar projectiles at 60HeV/u on a gold target 
produce light particles (Z 3) detected in 13 telescopes 
arranged in a closely packed array (ref 9, 10, 12). 
The data taken with this hodoscope are presented in terms 
of the correlation function R(q), which is defined for a 
particle pair (1,2) by 

Yl,2(pl,p2) = C*Yl(pl)*Y2(p2)»(l+R(q)) (1) 

where Yl,2 denotes the coincidence yield, Yl and Y2 the 
single yields ; pi and p2 are the laboratory momenta of 
particle 1 and 2, respectively, q is the mouentum of 
relative motion and C is a normalization constant which is 
determined by the requirement that R(q)=0 at large relative 
momentum. Fig. âa shews the experimental d-a correlation 
function without any selection. A detailed discussion of 
this correlation function has been given in ref 9. 
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FIGURE a 
d- °i correlation function versus relative momentum q 
a) without any selection in the plastic wall, 
d) for M=0 constraint, 
c) fer M 15 constraint. 



Also in fig 4a calculations (ref 13) of the d-a correlation 
function, based on the final-state interaction model of 
Koonin (ref 8) for complex light particles are shown. In 
this model, the two coincident particles are supposed to be 
emitted independently from a source with a given space-time 
extent, and to interact as two free particles , 

For the present results, a source of spatial density 
Ro(r)=RoO*exp(-r*r/rO*rO) ang negligible lifetime was 
assumed. The finite angular and energy resolution of the 
hodoscope were taken into account. 
When coincidence with the wall is used, the simplest 
variable to be investigated is the charged particle 
multiplicity. The mean observed multiplicity is M =5 with 
a rather large distribution ranging from 0 to more than 15. 
The least violent collisions (i.e. peripheral collisions) 
are selected trough very low multiplicity : fig.4b. We 
observe an enhancement of the correlation function by a 
factor 2 relatively to the ungated one. On the contrary a 
selection of central collisions by a high observed 
multiplicity (fig 4c) reduces the ungated correlation 
functi on by a factor 3. This drastic and rather unexpected 
result reflects the extreme sensitivity of the correlation 
function to the conditions of the collision. 3etween these 
two cases a smooth decrease of the maximum of the 
correlation function with increasing multiplicity is found 
(fig.5). It is important to notice that the same behaviour 
is observed whatever the pair of detected particles is. 

The radius parameter rO extracted from the d-a correlation 
function increases with the multiplicity in the wall : fig 
5. Between the two extreme values, rO varies by almost a 
factor of two. Would rO be associated to the spatial extent 
of the emitting system, such a variation would imply that 
the volume of this zone varies by a factor 6. On the other 
hand, the large value of 8.5fm obtained at the largest 
multiplicities is greater than the root meam square radius 
of a spherical system formed by all incoming nucléons. 
Since zero lifetime is assumed, the extracted rO values are 
maximum values, because a finite lifetime would reduce the 
correlation. 
An alternative explanation to these results could be that 
the average radius of the emitting system is roughly 
constant, but the characteristic emission time is 
proportionnai to the collision time associated with each 
impact parameter value. Indeed, this collision time 
increases when the impact oarameter value decreases. Then 
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Evolution of che maximum of the d-a correlation function 
(a) and the derived space-time parameter rO assuming a 
zero lifetime (b) versus the measured multiplicity. 
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the correlation function (fig 5) indicates the time 
interval between the two "coincident" emissions : it is 
much smaller for peripheral than for central collisions. 
The correlation function provides us with a clock, 
similarly to the clocks used in deep inelastic collisions 
at lower incident energies. 

IV - CONCLUSION 

Our understanding of reaction mechanisms at -ntermediate 
energies based on inclusive results is uodified by semi
exclusive results which reveal several unexpected features. 

Concerning the peak attributed to fragmentation in 
inclusive reactions : .7 
1) the transfer reactions sx:ill play an important role at 
35MeV/u : 5C % or more of the projectile-like fragments 
with 15<Z <19 are produced in pure transfer reactions. The 
high energy fragmentation model is then in?^equate to 
describe the data around 35 MeV/u. 

2) this proportion decreases when the impact parameter 
value decreases. 

3) transfer and fragmentation reactions can occur in the 
same collision. 

à) the question of fragmentation in the field of the target 
or in sequential decay is still open. 

5) projectile multifragmentation is as probable as binary 
fragmentation, but the mass splitting is very assymetric in 
90 % of the events : one heavy fragment is accompanied by 
one or several light particles. 

Concerning the two-particles correlations at small relative 
momenta : 
1 ) the correlation is strongly dependent on the charged 
particle multiplicity. 

2) this correlation can be related to different lifetimes 
of the source as well as to the spatial extensior of this 
source. 

I want to thank all my colleagues ( ref. 1 and 12 ) for 
enlightening discussions and for allowing me to use some 
data before publication. 
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