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PERIPHERAL INTERACTIONS : QUASI PROJECTILE-PARTICLE AND 
PARTICLE-PARTICLE CORRELATIONS 

G. BIZARD 

Laboratoire de Physique Corpusculaire, ISMRa Universitb, 
F-14032 Caen Cedex, France 

RBsume : Les resultats experimentaux concernant les corncidences quasi-pro- -- 
jectile-particule et particule-particule dans les interactions entre ions lourds 5 
Bnerde intermediaire sant pass& en revue et leur interpretation est discutse. 

Abstract : Quasi projectile-particle et particle-particle coincidence measure- 
ments in intermediate energy heavy ions interactions are reviewed and their 
interpretation is discussed. 

I - IIJTRODUCTION 

The purpose of this talk is to discuss the interest, for a better understanding of 
peripheral reactions in the intermediate energy domain, of light particles coincidence 
measurements. 
It is customary to begin such a review by defining what are the intermediate ener- 
gies and explain why we need to introduce this concept. 
We call intermediate energies a domain which goes roughly from 10 MeV per nucleon 
to 100 iBeV per nucleon and which bridges two regions where the heavy ions physics 
is quite well understood but radically different. 
Uilder 10 I,!leV/u, the heavy ions reactions are d~minated by collective effects''''). 
Let us consider for iastance a nucleus-nucleus interaction at 10 MeVIu. The 
de Braglie wave l ensh  associated with a nucleon belonging to the projectile is 3 fm 
{we have supposed equal masses for the projectile and target nuclei). This is nota- 
bly larger than the mean internucleon distance inside the nucleus ( 1 . 2  fm) and so 
every incident nucleon 'sees' several nucleons of the target. In addition, Pauli exclu- 
shn  principle hinders most of the individual nucleon nucleon interactions : this low 
enerm region is the domain of mean field theory and one body dissipation processes. 
The interaction time is generally l o n ~  enough to allow equilibration of the internal 
degrees of freedom. Central collisions will lead to fusion, more peripheral collisims 
maialy to deep inelastic processes and very peripheral collisions to transfer reactians. 
Above 100 MeVIu, the cmditions are completely different(3) : for a 100 MeV/u nu- 
cleus-nucleus collision, the de Braglie wave length associated with a nucleon of the 
pr~jectile is n3w . 9  fm which is close to the iaternucleon distance : every incoming 
iiucleon can see now individually the nucleons of the target and as the Pauli blocking 
iacomes less and less effective when the energy increases, the high energy heavy 
i3.1 reactions will be governed by the nucleon nucleon interactions. Central collisions 
will lead to explosians and peripheral interactions to fragmentation. The interaction 
time is not large enough to attain equilibration and some non equilibrated phenomena 
c ~ u l d  be expected such as hot spots or compression effects. 
I shall restrict myself in this paper to peripheral interactions. That is to say for ex- 
perimentalists, either reactions in which a nucleus with a mass and a velocity close 
td that of the projectile is detected or interactions characterized by a low light par- 
ticle multiplicity . 
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The tra~isition between low energy deep inelastic and transfer processes aad high 
energy fragmentation has to take place somewhere between 10 and 100 PJeVlu. It has 
been thought at first that even at energies as low as 20 MeVIu the high energy 
fragneiltation was already established(4), but it was rapidly recognized that this 
was not so simple and that we are facing intermediate processes with some characters 
reminiscent from the low energy regime and other similar to high energy reactions. 
At high energy, the momentum distributions of the frazmentation products are well 
described by gaussian shapes : 

2/2az e - ( ~ / / - ~ A  2)202  
d3 a/dp3a e-P 

0' can be expressed in terms of the masses Ap of the beam and Af of the quasi-pro- 
jectile fragment : 

d = 0: AF (Ap - AF)/(A -1) 
P 

The meaning sf the constant a can be uaderstood in two different ways(5) : 
i)  In a first model, the projecgle dissociates instantaneously, the fragmentation pro- 
ducts distribution reflects the internal distribution of the nucleons inside the projec- 
tile and a. can be related to the Fermi energy : oo = P F I J ~  ; 
ii) Alternatively, after the c~llision, the excited quasi-projectile reaches equilibrium 
at temperature T and then dissaciates. 

is then related to T by : A - 1  
- P uo - - moT (mo = proton mass) 

AD 
Above 100 MeVIu, the fragmentation experimental results are compatible with a uni- 
que value of a. around 90 MeVlc. An example can be seen in figure 1 which shows 
the a, extracted for different quasi projectile from 213 MeVIu Ar+C data(6). 

Between 10 and 100 MeV/u, the situation is different (7,8,9,10,11, 12,). 
- The momentum distributions of the fragmentation products are no more pure gaussians (see fig. 
2). 
- The best a, is found to depend on the incident energy (fig. 3); 
- For a given incident energy, q, depends on the mass of the fragment (fig. 4). 

i S G ~ d o  Fragment mas¶ number 

FIGURE I :  ZWolution o f a a s  a function of the quasi pro- 
jec t i le  mass i n  the 213 MeV/u Ar+C system (61. 

FZGURE 5 : Schematic iZZustration of the di f ferent  proces- 
ses that may contribute to  the formation of projectile Ziks 
fragments (10 )  : 
a)  Prompt fragmentation; bl SequentiaZ fragmentation; 
c )  Transfer reaction. d )  Transfer reaction foZZowed by see 
quentiaZ emission. I) 

FIGURE 2: EvoZution with energy of the 3 4 ~  vezocity spec- 
tmvn near the grazing angZe i n  A r  induced reactionsldl .  



FIGURE 3 :  Variation of  Do with incident 
energy ( 7 5 ) .  . - - Transfer component 
----- Fragments tion component 
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FIGURE 4 : Evolution o f  0, as a func- 
t ion of  the quasi projectile mass i n  
the 27 MeV/u Ar+Zn system(19). 

Although some of these anomalies can be explained by inclusion of Pauli blocking (13,14,15), 
coulombian effects (16) binding energy effects (171, it is clear that  hight energy models fail t o  
describe intermediate energy peripheral reactions. I shall t ry  in the first part of my talk t o  show 
how coincidence measurement between quasi projectile and light particles may help t o  clarify 
some aspects of the  peripheral reactions in the intermediate energy domain, namely : 
i) The competition between transfer and fragmentation ; ii) t h e  competition between prompt and 
sequential fragmentation ; iii) The possible onset of the  participant spectator process ; 
In the second part of my talk I shall discuss the  results of light particle correlations experiments. 

I1 - QUASi PROJECTILE - LIGHT PARTICLE COINCIDENCES 

A schematic illustration 3f t h e  different rocesses  t h a t  may contr ibute  t o  t h e  projec- B tile l ike fragments  is given in f igure 5(1 1. One may observe  p u r e  t r a n s f e r  react ions 
p u r e  fragnentat ion reactions o r  mixed processes .  

11-1 : The competition between transfer and fragmentation : 

Considering t h e  Fermi spheres in the momentum space of the  projectile and target nuclei for 
different incoming energies (18), we can see that  transfer processes a r e  expected t o  be present 
up t o  100 MeV/u (fig. 6). 
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FIGURE 6 : Fermi spheres for 
di f ferent  relative veloci- 
t i e s  of  two colliding heavy 
ions(*).  The dashed zone i s  
accessible for transfer 
reactions. 
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FIGXQE 7  : T r a n s f e r  and f r a g m e n t a t i o n  c o n t r i b u t i o n s  f o r  
s u l f u r  i s o t o p e s  produced  in 27 M ~ V / U  Ar+Ni r e a c t i o n ( 2 5 ) .  

The Plastic Box - 
A 4r Detector for Charged Panicles 

( 2 7 )  
FIGLIRE 8 : T h e  p l a s t i c  b o x  . 

Direct and indirect proofs that we have to count with transfer reactions in periphe- 
ral reactions at intermediate energies are numerous in inclusive experiments : 
- variation 3f a. with the mass of the quasi projectile(1g~20) (fig. 4) ; 
- Direct observation of masses larger than that of the projectile such as 41ca and 
41i3 in 44 irleV/u 4 0 ~ r + z 7 L ~ 1  reaction(Zl), N in 86 MeVlu 1 4 ~ + 1 2 ~ ( 2 2 )  or I50 in 
60 MeVlu nitrogen induced reactions on various targets(23). Transfers have also 
been identified by high resolution measurement in the 160+208~b system at 50 MeVIu 
(24) ; 
- Careful analysis of the ener spectra showing that two contributions (fragmenta- 
tion and transfer) are needed?%). Figure 7 shows such a decomposition for some 
nuclei produced in the 27 MeVlu 40Ar+58~i reaction. 
But the best way to separate transfer and fragmentation is of course to perform ex- 
clusive experiments. 
Several techniques have been used : 
- streamer chamber(26) 
- plastic box which surrounds almost completely the target with six plastic scintilla- 
tors(27). Transfer reactions have easily identified : they correspond to reactions for 
which no signal can be found in the walls of the box : with this technique, transfer 
probabilities have been measured for the 2 0 ~ e + 1 9 7 ~ u  system at 11 and 17 M ~ v / u ( ~ ~ ) .  
- Quite similar in their principles are the experiments erformed with forward multi- 8 detectors. The plastic wall in operation at G A N I L ( ~ ~ , ~  ) is an assembly af 96 plastic 
scintillators covering entirely the angular range 3O-3OC with respect to the bearn(3l). 
The experimental set up is shown in figure 9. The particles detected in the wall are 
identified in charge and their velocity is measured. Transfer reactions correspond to 
0 multiplicity events (fig. lo), but here we have to take care of particles escaping 
either in the central hole of the wall s r  with angles larger than 30°. Raw data have 
been corrected for these two effects and angular distribution of transfer probabilities 
have been determined for the 35 MeVlu Ar+Ag system (fig. 11). The importailce of 
transfer reactions has also been recofg-iized in similar experiments conducted Jn the 
40 MeV/u 14~+197Au(32) and 35 MeVtu 84~r+93~b(33)  systems. 
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I L L  INFORMATIONS IN THE PLASTIC WALL AND THE COVERING ENTIRELY TllE 39-30. ANGULAR RANGE 
PPAC ARE RECORDED (FOR THIS FIRST EXPERIMENT ONLY I 2  COUNTERS WERE IN PLACE 

FIGLRE 9 : E x p e r i m e n t a l  s e t  up u s e d  i n  the 35 MeV A r i A g  and Ar iAu  
e x p e r i m e n t s  ( 2 9 , 5 6 , 5 7 ) .  P r o j e c t i l e - l i k e  f r a g m e n t s  a r e  d e t e c t e d  b y  
t h e  E-AE t e l e s c o p e .  
T a r g e t  r e s i d u e s  a r e  d e t e c t e d  e i t h e r  b y  the f i r s t  e l e m e n t  o f  the E-AE 
t e l e s c o p e  o r  b y  t h e  TOF t e l e s c o p e .  
F i s s i o n  f r a g m e n t s  a r e  d e t e c t e d  i n  c o i n c i d e n c e  b y  t h e  TOF t e l e s c o p e  
and the p a r a l l e l  p l a t e s  d e t e c t o r .  
F i n a l l y ,  c o i n c i d  n t  forward  e m i t t e d  l i g h t  p a r t i c l e s  a r e  i d e n t i f i e d  i n  
the p l a s t i c  ~ a 1 1 ' ~ ~ ) .  

E' lGUxE 10 : Energy  s p e c t r a  o f  t h e  
Z=16 q u a s i  p r o j e c t i l e  produced  i n  
t h e  35 MeV/u A r i A g  s y s t e m  i n  c o i n -  
c i d e n c e  w i t h  n o  p a r t i c l e ,  o r  a n  
a l p h a  p a r t i c l e ,  o r  a p r o t o n  ( 2 9 ) .  

Blab in degree 

FIGURE 1 1  : A n g u l a r  d i s t r i b u t i o n  o f  t h e  
t r a n s f e r  p r o b a b i l i t i e s  f o r  t h e  35 MeV/u 
A r i A g  ~ ~ s t e m ( ~ 9 ) .  

- Another possibility to separate transfer from fragmentation consists of using a 4.n 
neutron detector to measure the total energy removed from the target by neutron 
evaporation : transfer reactions (from the projectile to the target) are associated 
with large excitations of the target, whereas projectile break up leads to small exci- 
tation of the target(34). 



C4-40 JOURNAL DE PHYSIQUE 

- Transfer reactions can also be identified by detecting in coincidence a quasi pro- 
jectile and the gamma emitted by the target. This technique has been used to isola- 
te transfer reactions in the 30 MeVlu N+Tm and N+Yb systems(35). 
The results of these experiments have shown that up to three charges away from 
the projectile the contribution of transfer reactions in the 'fragmentation peak' re- 
mains important at intermediate energies (fig. 12 and 13). Several authors have 
proposed models to calculate the transfer cross sections in the intermediate energy 
domain(36,37,38,39,40) but a complete description of the data would imply a good 
knowledge of the high momenta tail of Fermi distribution of the nucleons in the nu- 
clei( 37). 

FIGURE 13 : T r a n s f e r  c r o s s  s e c t i o n  t o  
beam velocity- (see fig. 10): 

f r a g m e n t a t i o n  c r o s s  s e c t i o n  r a t i o  f o r  
To learn more about the fragmentation pro- 
cess and distinguish between sequential and 

S and  CR i s o t o p e s  produced  i n  Ar+Ni 
r e a c t i o n  (25). 

prompt break up a careful analysis of the 
correlations between auasi ~roiectile and 

- 0 IIMav/u N * + A u  FIGURE 12 : Energy  dependance  o f  
17 M&/u N- + Au the t r a n s f e r  p r o b a b i l i t y  f o r  d i f -  

O8 - A 35 M~V/U N. + A l  f e r e n t  o u t g o l n g  e j e c t i l e s  i n  N e  
0 3s MP*/'/Y A=-$ &a and A r  i n d u c e d  r e a c t i o n s .  

a 11-2 : Fragmentation and 
mechanisms : 

I% 0 4  - Once the pure transfer reactions 
have been isolated, one has to 
identify the fragmentation mecha- 

- nisms (see fig. 5)  : 
- sequential break up where the - projectile dissociates outside the 
field of the target ; 

i I - prompt break up for which the 
10 5 0 dissociation takes place in the field 

Z h-sm - Z e~~rr\=o k of the target ; 
- mixed processes for which one of 
the preceeding mechanisms is ac- 

light particles has to be performed. This has been done for iistance i; an experi- 
ment conducted at SARA on the 35 MeV Ne+Al system(42). The apparatus is quite 
similar to the one used at GANIL in the 35 MeV Ar+Ag experiment : here again the 
forward particles are identified in a scintillator wall (19 elements covering from 2 to 
10 degrees). The correlation between 160 fragment and alpha particles shows clear- 
ly that most of the incident neon nuclei dissociate outside the field of the target : 

companied by transfer reactions. 
The importance of pure transfer reactions 
suggests that most of fragmentations could 
belong to the last category. This is confir- 
med by the exclusive experiment performed 
at GANIL on the 35 MeVIu Ar+Ag system 
(29) : 
The total charge intercepted in a forward 
cone of 30 degrees aperture (see figure 9) 
does not show any enhancement for the va- 
lue of the beam charge, indicating that the 
fragmentation is accompanied by nucleons 
exchange between target and projectile or 
quasi projectile (fig. 14). 
Another indication that the target does not 
stay passive during the fragmentation can 
be found in the slowing down of the quasi 
projectile fragments as com~ared to the 
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FIGURE 14 : T o t a l  c h a r g e  i n  t h e  p l a s t i c  w a l l  i n  
c o i n c i d e n c e  w i t h  a Z=15 q u a s i  p r o j e c t i l e  i n  the 35 
MeV/u Ar+Ag s y s t e m ( 4 1 ) .  

an unambiguous signature of this process is the 
observation for a given detection angle of two fami- 
lies of events corresponding respectively to forward 
and backward emission of the alpha particle in the 
system of the excited neon (fig. 15). However an 
important percentage of the events (40%) cannot be 
explained by sequential break up and are thus can- 
didates for a prompt break up mechanism. Other 
experiments on light ions have also looked for the 
presence of a prompt break up component(43f. The 
15 MeVIu ~ e + ~ u ( 4 4 ) ,  20 MeV/u ~ l + ~ a ( 4 5 ) ,  1 2  MeVIu 
O+C(46) reactions exhibit only the sequential compo- 
nent. On the other hand, various indications of di- 

r z c  rect break up have been found in other systems : 
- ~ i + ~ n ( 4 7 )  and ~ i + ~ b ( 4 3 )  at 10 MeVlu ; 
- N+A1 at 30 Mevlu(48) ; 
- 20Ne+Nb(49) and 2 2 ~ e + ~ b ( 5 0 )  at 30 MeVIu. 
However, more of these difficult experiments have to be undertaken with heavier 
projectiles and at different energies before we could have a good idea of the frag- 
mentation mechanisms at intermediate energy. 

S t q r n t ~ a l  Dtroy 11-3 : Do we see the onset of par- 
(olrulotmm ticipant spectator mechanism ? 

The participant spectator model 
(51,52,53) has been successful in 
describing the high energy periphe- 
ral interactions. It predicts in the 
final state the presence of two 
fragments 9 remnants of the inci- 
dent nuclei (a quasi projectile mo- 
ving with a velocity close to that 

8.2' r .0 '  
alpha 0 4 '  1 .l?O1 

500 6~-;00 500 I n ( M a V )  

of <he beam and a quasi target al- 
most at rest) and of a hot expan- 
ding participant zone moving with 
approximately half the incident ve- 
locit y . 
Inclusive spectra of light particles 

CCM-IIS emitted in intermediate energy hea- 
400 vy ion collisions, when analysed in 

terms of moving sources, show usual- 
500 ly the presence of an intermediate 

source which could be attributed to 
an eventual participant zone(54). 

LOO 500 61x3 LOO 9 0  L o ~ ~ e v l  Moreover, a fragment-fragment 
coincidence experiment on the 44 

FIGWE 15 : 160-alpha c o i n c i d e n t  e v e n t s  i n  t h e  MeV 4 0 ~ r + 2 7 ~ 1  system is in a ree 
E,-E o x y g e n  p l a n e  ( 4 2 ) .  ment with an abrasive model(f955). 

However, the best way to identify 
a participant spectator process would be to detect in an exclusive experiment the 
projectile like and target like fragments as well as light particles belonging to the 
participant zone. Such a decisive experiment has not been made yet but semi-exclu- 
sive data are now available on Ar+Ag and Ar+Au systems at 35 MeVlu : slow heavy 
residues and fission fragments have been detected in coincidence with forward light 
nuclei and particles intercepted by the plastic wall(56.57). Only the most peripheral 
events can be described by transfers from the projectile to the target. 
The other events could be created by an abrasion process, but the standard parti- 
cipant-spectator model cannot describe the data : the heavy fragment velocities are 
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too large to be compatible with the hypothesis of a purely spectator target. However, 
if one includes reabsorption of some of the participants by the projectile and the 
target(58), the velocity and angular distributions of the fragments can be 
understood(59). We have compared the velocity spectra of light particles detected in 
coincidence with target like and projectile like fragments with the predictions of this 
modified participant spectator model. The shape of these spectra seems to be incom- 
patible with the presence of nucleons originating from a thermalized participant zone : 
the low energy component of the light particles velocity spectrum is in quite good 
agreement, in shape, position and magnitude with the predicted evaporation from the 
target but the participant protons obviously cannot fit in the experimental distribu- 
tion (fig. 16). Of course, the energy of 35 MeV/u is somewhat low to look for a par- 
ticipant spectator process and similar experiments and analyses have to be done at 
higher energies. 

FIGURE 16 : V e l o c i t y  s p e c t r a  o f  forward l i g h t  
p a r t i c l e s  i n  c o i n c i d e n c e  w i t h a s  l o w  t a r g e t - l i k e  
f r a g m e n t  and  a q u a s i  p r o j e c t i l e  i n  the 35 MeV/u 
Ar+Au s y s t e m  (59.) .  
a )  E x p e r i m e n t a l  ' p r o t o n '  v e l o c i t y  s p e c t r u m .  
T h i s  d i s t r i b u t i o n  i n c l u d e s  f r e e  p r o t o n s  a s  

: L, ---- w e l l  a s  p r o t o n s  c o n t a i n e d  i n  a l p h a  p a r t i c l e s .  

.4 - T h e  a r r o w  i n d i c a t e s  the beam v e l o c i t y .  A c r u d e  
d e c o m p o s i t i o n  i n  h i g h  v e l o c i t y  and  l o w  v e l o c i t y  

.2 - components  h ~ s  beer? made, w i t h  r e s p e c t i v e  
multiplicities o f  1.2 and 1.5 p e r  e v e n t .  
b )  and c )  P r e d i c t e d  p r o t o n  y i e l d s  i n  the p l a s -  

.4 - tic w a l l  i n  the h y p o t h e s i s  of a n  a b r a s i o n  a b l a -  
t i o n  p r o c e s s .  T h e  e x c i t e d  t a r g e t  and t h e  h e a t e d  
p a r t i c i p a n t  z o n e  a r e  supposed  t o  e v a p o r a t e  o n l y  
n u c l e o n s .  F i g u r e  16b  and  1 6 c  shows  r e s p e c t i v e 1  y  

0 5 10 
the p r o t o n s  e v a p o r a t e d  b y  t h e  t a r g e t  ( m u l t i p l i -  
c i t y  = .851 and t h o s e  o r i g i r l a t i n g  f rom t h e  par -  

v ill C~II/IIS t i c i p a n t  r e g i o n  ( m u l t i p l i c i t y  = 1 . 6 ) .  
11-4 : Conclusion on quasi projectile-particle coincidences 

Fragmentllight particle coincidence experiments are a good tool to study the periphe- 
ral interactions in the intermediate energy region. 
We have seen that : 
- transfer and fragmentation reactions are in competition ; 
- the fragmentation process includes sequential dissociation as well as direct break 
up ; 
- concerning the participantlspectator process, no definitive conclusion can be rea- 
ched : this model seems necessary to explain some fragmentlfragment experiments 
( 54,33) ; it succeeds also in predicting the characteristics (mass, velocity, angle) 
of the fragments in the 35 MeVlu Ar+Au system, but the eventual participant nu- 
cleons are nat seen. 
Thought similar in various aspects to high energy heavy ion reactions, intermediate 
energy peripheral collisions cannot be described by high energy models. A new ge- 
neration of promising models including nucleon nucleon interactions together with 
mean field effects have appeared(609 61). A detailed confrontation of these models 
with physical reality will require new experiments as exclusive as possible. 

I11 - TWO PARTICLE CORRELATIONS 

Various models elaborated to explain particle emission in intermediate energy heavy 
ion reactions are based on the hypothesis of the existence of localized sources cons- 
tituted of a subset of nucleons and characterized by their spatial extension, their 
mean life and their temperature(62). Light particle correlations at small relative mo- 
mentum (interferometry) provide a powerful technique to reach these parameters. 
First, I shall recall briefly the basic ideas and formalism of the interferometry tech- 
nique. Then, the experimental correlation results in the intermediate energy domain, 
for small and large relative momenta, will be reviewed. 



111-1 : Interferometry : ideas and formalism 

The interferometry was first introduced to measure the spatial extension of stellar 
objects(63). The application of this method to nuclear physics was then proposed 
by ~ o ~ i l o v ( 6 4 ) .  The idea relies on quanta1 properties of identical particles : the 
correlation function is expected to show deviation from its mean value when both 
particles belong to the same phase space cel1,this deviation being positive (enhance- 
ment) for identical bosons and negative (decrease) for identical fermions. The width 
of the positive or negative peak is related to the probability to find both particles 
at the same point of the phase space : it provides therefore a mean to evaluate the 
space-time extension of the objet which emits the two particles. 
Assuming for instance a source of radius r and lifetime t ,  the correlation function 
writes : 

where the + sign refers to the nature of the particles (+  for bosons, - for fer- 
mions), t ' j ~  is their transverse relative momentum, qo their relative energy and J1 
the Bessel function of first kind. Calling e, g, ~ 1 ,  EZ, the momenta and energies 
of the two particles, we have : 

Experim ntally, the correla&on function is related to the probabilities of coincidence -+A (p(k1 ,k2)) and single (p(k) )  measurements : 
+ -  

P(kl ,  k ~ )  
R = - 1 

P(?) , ~ ( i q  

This technique has been applied successfully to .rr.rr correlations in high energy hea- 
vy ions collisions(65) (figure 17), but of course nlr correlations are not appropriate 
to study the intermediate energy domain and we have to adapt the method to pp 
cor~elations. With pp correlations we have to consider the final state interaction : 

2.5 I - coulombian repulsion for small q~ (this ef- 
fect is also present for .rrn correlations) ; 
- s wave nuclear attraction which induces an 
enhancement around qL=20 MeV/c in the pp 
correlation function. 
However, the intensity of the q ~ = 2 0  MeV/c 

0.5 bump is related to the probability af the twa 
Oo 50 100 150 2 ~ )  250 sa too 150 250 protons to interact, therefore to their proba- 

I PI (MeVfc) g ( ~ e v )  bility to be emitted close to one another in the 
space time. So the intensity of the final state 

6 1 1 1 1 1  interaction measures the extension of the emit- 
k+Ka ting source (figure 18). 

5 -  2r - Once, this is established, there is no reason 
to stick to identical particles. The method can 

4 - be extended to whichever couple of particles 
we want, provided their final state interaction E 3 -  is strong enough to allow a meanindul measu- 

b rement( 6). This is obviously the case for so- 
2 - me systems like a+d or a+p which can form 

particle unstable resonances (figure 19). 
- @) 

- Moreover, the detection of resanances can 
allow a measurement of the temperature of the 

n I I I I I  emitting zone. For a given size and lifetime of 

R (fm) 
this emitting zone the probability to form a re- 
sonance depends on the distribution law of the 

FIGURE 17 : Correlations between two negative pions emitted i n  the 1.8 GeV/u A~+KC!L 
a )  Projected correlation functions. b )  Contours for the 68% and 95% 

confidence levels  for joint determination o f  r and t .  
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relative momentum of the constituants of the resonance. 
Therefore, if the momentum distributions of the particles emitted by the hot zone 
are determined by a unique parameter, for example the temperature for a thermali- 
zed emitter, the probability to detect a resonance is directly related to this parame- 
ter. 

FIGURE 18 : Correlation function between FIGURE 19 : Alpha-deuteron correlation 
two protons emitted i n  the 25 MeV/u function i n  the 60 MeV/u Ar+Au reac- 
O+AU reaction ( 70 ) .  t ion(79).  

111-2 : Interferometry : experimental results 

Small relative momentum correlations have been measured for different couples of 
particles in the followin intermediate energy reactions : 
- Ne+Au at 20 M e V / ~ ( ~ f i  
- O+C and O+Al at 25 M e ~ l u ' ~ ~ )  
- O+Au at 25 ~ e ~ / u ( 6 9 , 7 0 )  
- N+Au at 35 ~ e ~ / u ( ~ ~ , ~ ~ )  
- A r + ~ u  at 60 MeV/u(73,74,75,76-77,78,79,80) 
- C+(C,Al,Au) at 85 M e ~ l u ( ~ ~ )  
We shall refer also, for comparison, to the 400 MeVIu Ca+Ca and Nb+Nb correlation 
measurements(82). 
The results of these experiments are generally analyzed in terms of incoherent emis- 
sion by a hot localized source, but,  before going in the details of the interpretation, 
let us point out two exceptions : 
- in the 20 MeV/u Ne+Au experiment which is presented in a contribution to this 
conference(67), the authors have measured the forward alpha-alpha correlations and 
have found them compatible with a sequential decay of the quasi-projectile. 
- the p-p correlations in the 25 MeV/u O+C and O+Al reactions can be explained by 
a thermal emission of 2 ~ e  by the compound nucleus. However, the authors exclude 
this type of interpretation for heavier targets(68). 
The other experiments are in qualitative agreement with the hypothesis of an expan- 
ding and cooling source : 
i) for the 25 MeVIu O+Au system, the pp correlation function leads to a radius of 
4 fermis for the emitting zone. If a selection is made on the protons energy, it is 
found that this radius varies : the higher the energy, the smaller the emitting zone 
(figure 20). 
This is an indication that high energy protons are emitted first, by a very localized 
and very excited source, whereas low energy protons come later from a larger volu- 
me(70). 
A radius of 6 to 8 fermis has been deduced from the d-d correlations(69). Here 
again, the variation of r with the nature of the correlated particles is in agreement 



2.5 ' " " " "  with an expanding source : the d-d cross sec- 

2.0- 

- -1.5- 
+ 
a - 
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tion is larger than the p-p one, so when the 
emitting zone expands, its density crosses first 
a value for which the proton proton interaction 
stops and later a lower value for which the deu- 
teron deuteron stops ; then the radius measured 
from d-d correlations is expected to be larger 
than that deduced from p-p correlations (freeze 
out model( 66) 1. 
ii) a-d correlations have been measured in the 
35 MeV/u N+Au system(71). Several particle- 
unstable resonances are observed : 6 ~ i *  ( 2.186 
MeV), 6Li*(4.31 MeV) and 6~i*(5.65 MeV), allo- 
wing a joint determination of the radius r and 

0.5+ . . . . . . . . . , the temperature T of the emitting zone. The 
20 40 60 so loo Iz0  variation of r and T with the kinetic energy of 

Ep9* Epz(MevI the a-d couple detected at 50 degrees is shown 
FIGURE 20 : p-p c o r r e l a t i o n  f u n c t i o n i n  the following table : 
g a t e d  o n  r e l a t i v e  momentum i n t e r v a l s  
o f  15 /25  and 5 0 / 8 0  MeV/c, p l o t t e d  a s  
a f u n c t i o n  o f  the sum e n e r g y  o f  t h e  
t w o  p r o t o n s ( 7 0 ) .  

On 

55/ 100 MeV 
100/150 MeV 
150/220 MeV 2.6 

These results are consistent with particle emission from a subsystem which is in 
the process of cooling and expanding. 
The temperatures determined in this experiment (Ta5 MeV) are notably lower than 
that obtained from single particle inclusive cross sections (15 to 20 ~ e ~ ) ( 8 3 )  and 
considerably higher than that deduced from the measurement of ground and long 
lived resonant states relative roduction (T<1 ~ e V ) ( 8 ~ ) .  These discrepancies can 
be qualitatively understood(71y : 
- the single particle inclusive spectra are sensitive to collective motion ; 
- the determination of T from ground and particle-stable resonant states may be 
biased by feeding of the ground state from higher lying states. 
iii) The 60 MeVlu Ar+Au reaction has been studied at GANIL. The experimental set 
up included : 
- an array of 13 telescopes arranged in closed packed geometry for small relative 
angle correlations ; 
- a set of 8 telescopes situated at large angles ; 
- the forward plastic wall of 96 AE scintillators, triggered either by two particle 
coincidences in the telescopes or by scaled down single events. 
The spatial extension and the temperature of the emitting source have been determi- 
ned for several light particle pairs and correlated with the plastic wall multiplicity. 
The more striking results are the following : 
- using the a-d production, a source radius of 5.5 fermi (figure 19) and a tempera- 
ture of %5 MeV (figure 21) are f o ~ n d ( ~ ~ 7 ~ ~ ) .  
The precision on the determination of the parameter T can be improved in comparing 
the production ratio of widely separated levels such as 5 ~ i  (ground state)+a-p and 
5 ~ i *  (16.7 ~ e v b d - s ~ e  or 8 ~ e *  (2.4 MeV) + cccr and 8Be* (17.6 ~ e V b p - 7 ~ i .  
The first couple of resonances leads to T=4.6+.7 MeV, the second one to T=4.2+.5 
~ e v ( 7 6 ) .  
- The a-d correlation function varies rapidly with the multiplicity in the plastic 
wa11(78,80) ; the r parameter increases fram 4.5 to 8 fm when the multiplicity goes 
from 0 to 15 (figure 22) .  
In spite of the limited solid angle subtended by the multidetector, it can be proved 
that low measured multiplicities are rather associated with large im act parameters d; while large measured multiplicities characterize central collisions(8 . 
The variation of r with the impact parameter which has already been found at higher 
energy(82) (figure 23), may reflect simply the variation of the spatial extent of the 
emitting system. But another interpretation has also been proposed : in the r deter- 
mination the life time t of the heated zone is always forced to be zero. Would t be 
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Ed, (MeV) 

FIGURE 23 : S o u r c e  r a d i u s  a s  a f u n c t i o n  Particle particle correlations have also 
o f  p r o t o n  m u l t i p l i c i t y  ~p f o r  the t w o  been measured for large relative momenta, 
s y s t e m s  ca+ca and ~ b + ~ b  a t  400  M ~ V / U ( ~ ~ ) .  outside the range of applicability of the 

interferometry technique. They can provi- 
de further information about the dynamical and geometrical aspects of the collision, 
such as : 
- nuclear shadowing effects (86) ; 

- hydrodynamic com r e ~ s i o n ( ~ ~ )  ; 
- bounce-off ; 
In the 25 MeVlu O+Au reaction, light particles are preferantially emitted in the en- 
trance channel scattering plane(54,89), with equal probabilities to be found either 

FIGURE 21 : T e m p e r a t u r e  measurement  f rom FIGURE 22 : E v o l u t i o n  a s  a f u n c t i o n  o f  
a-d r e s o n a n t  s t a t e s  p r o d u c t i o n  in  the t h e  forward  l i g h t  p a r t i c l e  m u l t i p l i c i t y  
60 MeV/u Ar+Au r e a c t i o n  ( 7 4 ) .  i n  t h e  6 0  MeV/u Ar+Au r e a c t i o n ( 8 o )  o f  

v a r i o u s  d-CL c o r r e l a t i o n  p a r a m e t e r s  : 
a )  maximum o f  the c o r r e l a t i o n  f u n c t i o n  ; 
b )  s p a c e  p a r a m e t e r  r i n  Fermi.  

allowed to vary, one could keep r almost 
independant of the multiplicity (see figure 
17b for an example of r ,  t correlation). 
Thus, an alternative explanation ~f the 
results of fig. 22 could be that the radius 
of the emitting system is roughly constant, 
but the characteristic emission time is pro- 
portional to the collision time associated 
with each impact parameter value. 

8 1 1 1 ' 1  

6 - From the data of the plastic wall, collecti- 
. ve variables, often used at higher energy, 

such as transverse momentum or 'thrust 
value(85)', can be built and correlated 
with the interferometry parameters(79). It 
appears that at 60 MeV/u, r is less sensi- 
tive to these collective variables than to 

0 6 ~ J - - ~ I & - -  the crude multiplicity. 
20 40 60 

NP 
111-3 : Large angle correlations 
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FIGURE 24 : V a r i a t i o n  o f  l a r g e  a n g l e  

r e n t  s y s t e m s  : 
a )  O+Au a t  25 M ~ v / u ( ~ ~ )  

. 

4' 

0 50 180 

$ 
on the same side or to opposite sides with respect to the beam. These results can 
be explained by a ratating source model and by the interplay between nuclear sha- 
dowing and momentum conservation effects. However, an experiment made XI the 
85 MeVIu C+Au system has given different results : the p-p and d-d correlation 
functions vary monotonically with the azimuthal angle and present only a smooth 
back peaking( 90,81) (figure 24) .  
At 60 MeVIu, the results are rather similar to those of the 85 MeVlu experiment : 
except for the pp correlation with a gold target (which is flat), the correlation 
functions increase monotonically from Q =0° to @ =180°, the slope being steeper for 
heavier particles and Iighter target. This behaviour can be qualitatively understood 
by the phase space constraints imposed by momentum conservation. 

have been calculated for several windows of the 
light particles multiplicity. A striking result is 
the presence of a multiplicity dependant mini- 
mum in the beam direction. No definitive expla- 
nation has been proposed to explain the exis- 
tence of this minimum. 

111-4 : Conclusions on particle-particle corre- 
lations : 

0 0 -50 0 50 I"" IS0 lations. Exweriments conducted on different e 
FIGURE 25 : L a r g e  i n - p l a n e  a n g l e  c o r -  
r e l a t i o n s  f o r  pp p a i r s  produced  i n  
t h e  60 MeV A r i A u  S y s t e m .  
One o f  the p r o t o n s  i s  d e t e c t e d  a t  a 
f i x e d  a n g l e  o f  -70° ,  0 i s  the d e t e c -  
t i o n  a n g l e  o f  t h e  second  p r o t o n .  
T h r e e  windows i n  the p l a s t i c  w a l l  
mu1 t i p l i c i t y  h a v e  b e e n  d e f i n e d  : 
- - - M u l t i p l i c i t y  b e t w e e n  0 and 3 
, , - M u l t i p l i c i t y  b e t w e e n  4 and 6 
. .-, M u l t i p l i c i t y  l a r g e r  t h a n  6 

systems, at different energies and with diffe- 
rent couples of particles lead to rather coherent 
results on : 
- the radius r of the emitting zone 
- its temperature T 
- the evolution of r with the nature of the cor- 
related particles and with the impact parameter 
of the collision. 
However a number of questims and problems 
remain , such as : 
- the correlatior. method allows in principle a 
joint determination of both parameters r and t , 

but due ta a lack of statistics axd to mathematical problems, the spatial extent of the 
emitting zone is always determined in the hyp~thesis of a zero life time. How sensitive 



CB-48 JOURNAL DE PHYSIQUE 

is r to the real value of t and could the variations of r as a function of other para- 
meters reflect actually variations of t ? 
- How can we reconcile the idea of temperature with the hypothesis of a very short 
(if not zero) life time of the heated zone ? 
- Uncoherent emission of light particles by the emitting zone is assumed to extract 
the spatial parameter r from the correlation function. If some coherent emission is 
admitted (for example 2 ~ e  or 6 ~ i * ) ,  what is now the meaning of the correlation 
function and how is the r determination affected ? 

IV - ACKNOWLEDGEMENTS 

I am grateful to D .  Ardouin, R. Dayras, H. Doubre, D. Guerreau, A. Kyanovsky, 
R.  Legrain, F, Saint-Laurent , B . Tamain for many interesting discussions. 
It is a pleasure to thank M. de Claverie for typing and assembling this manuscript. 

REFERENCES 
- 

1 - M. LEFORT and C. NGO, Ann. Phys. (Paris) 3 (1978) 5 
2 - W . U .  SCHRODER and J.R. HUIZENGA, Ann. Rev. Nucl. Sc. 27 (1977) 465 
3 - A.S. GOLDHABER and H.H. HECKMAN, Ann. Rev. Nuc. Part. Sci. 28 (1978)161 
4 - C.K. GELBKE et al, Phys. Rev. Lett. 70B (1977) 415 
5 - A. S. GOLDHABER, Phys. Lett. 53B (1974) 306 
6 - Y.P. VIYOGI et al, Phys. Rev. Lett. 42 (1979) 33 
7 - R. LEGRAIN - 8eme Session dtEtudes Biennale de Physique Nucleaire - Aussois - 

France - Fev. 85 - C. 18 
8 - D. GUERREAU, Nucl. Phys. A447 (1986) 37C 
9 - R.A. DAYRAS et al, Internal Report DPhlN Saclay N o  2257 (1985) 
10- R.G. STOKSTAD, Comments Nuc. Part. Phys. 13, N o  5 (1984) 231 
11- D.K. SCOTT, Nucl. Phys. A409 (1983) 291C 
12- B, TAMAIN, Internal Report LPC 84-03 - Lectures presented at the Internatio- 

nal School of Nuclear Physics - MIKOLOJKI (Poland) - Aug. 1984 
13 - G. BERTSCH, Phys. Rev. Lett. 46 (1981) 47 
14 - M.J. MURPHY, Phys. Lett. 135B (1984) 25 
15 - M. DI TOR0 and C. GREGOIRE, Contribution to the Topical Meeting on 'phase 

space approach to nuclear dynamics' - Trieste - Italy - Sept. 1985 
16 - A. GAMP et al, Z.  Phys. A300 (1981) 63 
17 - W . A .  FRIEDMAN, Phys. Rev. C27 (1984) 569 
18 - C. GREGOIRE and F. SCHEUTER, Phys. Lett. 146B (1984) 21 
19 - F. RAMI et al, Nucl. Phys. A444 (1985) 325 
20 - F. RAMI et al, Z .  Phys. A318 (1984) 329 
21 - J. BARRETTE et al, Proceedings of the 22nd International Meeting on Nuclear 

Physics - Bormio - (Italy) 1984, p. 561 
22 - B. TAMAIN, Invited talk at the Workshop on Intermediate Energy Heavy Ions 

Physics - Oak Ridge (USA) - Sept. 1985 
23 - W .  VON OERTZEN et al, Contribution to this conference 
24 - W .  MITTIG; Private Communication (1986) 
25 - V. BORREL et al,  Internal Report IPNO 86102 
26 - M.J. MURPHY et al, Phys. Lett. 120B (1983) 75 
27 - S. WALD et al, Phys. Rev. C32 (1985 ) 894 
28 - R.G. STOKSTAD et al, J .  Phys. Soc. Jpn 54 supp. I1 (1985) 7 1  
29 - G .  BIZARD et al, Internal report LPC 85-08 (1985) and to be published in 

Phys. Lett. 
30 - G .  PLOYART, Thesis Caen (1985) 
31 - G.  BIZARD et al, Nucl. Inst. and Meth. A244 (1986) 483 
32 - D. HORN et al, Contribution to this conference 
33 - J.L. CHARVET et al, Contribution to this conference 
34 - U .  JANHKE et al, Phys. Rev. Letters 50 (1983) 1246 
35 - J.A. PINSTON et al, Phys. Lett. 167B (1986) 375 
36 - M.C. MERMAZ et al,  Internal Report DPhlN Saclay N o  2316 (1985) and submit- 

ted to Z .  Phys. 
37 - V. VON OERTZEN, Phys. Lett. 151B (1985) 95 



38 - W .  VON OERTZEN, Fron t i e r s  in Nuclear Phys ics  (1985) R.A. Broglia a n d  
C.H. Dasso E id to r s  

39 - M.C. MERMAZ e t  a l ,  Nucl. Phys .  A441 (1985) 129 
40 - M.C. MERMAZ e t  a l ,  P h y s .  Rev. C31 (1985) 1972 
41 - G. BIZARD et a l ,  Proceeding of  t h e  23rd Internat ional  Winter Meeting o n  Nu- 

c lea r  Phys ics  - Bormio - I ta ly  (1985) 472 
42 - R. OST et a l ,  Phys .  Rev.  C32 (1985) 1927 
43 - C.K. GELBKE, Nucl. Phys .  A387 (1982) 79C 
44 - H. HOMEYER e t  a l ,  Phys .  Rev. C29 (1982) 1335 
45 - M.J. MURPHY e t  a l ,  P h y s .  Rev. Le t t .  53 (1984) 1543 
46 - W.D. RAE e t  a l ,  P h y s .  Rev.  Le t t .  45 (1980) 884 
47 - A.C. SHOTTER e t  a l ,  Phys .  Rev.  Let t .  53 (1984) 1539 
48 - D. GUINET e t  a l ,  Phys .  Let t .  137B (1984) 318 
49 - M. STERN et a l ,  Contr ibut ion t o  t h i s  conference 
50 - A. CHBIHI e t  a l ,  Contr ibut ion t o  t h i s  conference 
51  - J.D. BOWMAN e t  a l ,  Repr in t  LBL 2908 (1973) 
52 - J .  HUFNER e t  a l ,  P h y s .  Rev. C12 (1975) 1888 
53 - L.F. OLIVEIRA e t  a l ,  Phys .  Rev.  C19 (1979) 826 
54 - C.K. GELBKE, Inv i t ed  t a lk  at t h e  workshop o n  coincident par t ic le  emission 

from continuum s t a t e s  - Bad Honnef (Germany) - J u n e  1984 
55 - R.A. DAYRAS e t  a l ,  Submit ted t o  Nucl. P h y s .  
56 - G. BIZARD e t  a l ,  In te rna l  Report  LPC 85-06 (1985) a n d  t o  b e  publ ished i n  

Z. Phys .  
57 - G. BIZARD e t  a l ,  In te rna l  Report  LPC 85-07 (1985) a n d  submit ted t o  Nucl. 

Phys .  
58 - J .P.  BONDORF e t  a l ,  Nucl. Phys .  A430 (1984) 445 
59 - J.M. HARASSE, Thes i s  Caen (1986) 
60 - C .  GREGOIRE, 24th Internat ional  Winter Meeting o n  Nuclear Phys ics  - Bormio 

( I t a ly )  - J a n  1986 a n d  in te rna l  r e p o r t  GANIL p .  86-04 (1986) 
6 1  - J .  AICHELIN a n d  H. STOCKER, P h y s .  Let t .  163B (1985) 59 
62 - D.J. FIELDS e t  a l ,  Phys .  Rev. C30 (1984) 1912 
63 - R. HANBURY BROWN a n d  R .Q .  TWISS, Proc.  Roy. Soc. A243 (1957) 291 
64 - C.I. KOPILOV a n d  M.I. PODGORETSKY, Sov.  J. of Nucl. P h y s .  15 (19721219 
65 - W.A. ZAJC et a l ,  Phys .  Rev. C29 (1984) 2173 
66 - D.H. BOAL a n d  J . C .  SHILLCOCK, Phys .  Rev. C33 (1986) 549 
67 - J .  UCKERT e t  a l ,  Contr ibut ion t o  t h i s  conference 
68 - M.A. BERNSTEIN e t  a l ,  Phys .  Rev. Let t .  54 (1985) 402  
69 - C.B. CHITWOOD e t  a l ,  Phys .  Rev. Let t .  54 (1985) 3 0 2  
70 - W .G. LYNCH e t  al, P h y s .  Rev.  Le t t .  51  (1!183) 1850 
71 - C.B. CHITWOOD e t  a l ,  In te rna l  Repor t  MSUCL 543 (1985) 
72 - J .  POCHODZALLA e t  a l ,  Contr ibut ion t o  t h i s  conference 
73 - D. ARDOUIN e t  a l ,  Inv i t ed  t a lk  t o  t h e  14 t h  Internat ional  Workshop o n  Gross  

p roper t i e s  of  Nuclei a n d  Nuclear Exci ta t ions  - Hirschegg  (Aus t r i a )  jan 1986 
74 - J .  POCHODZALLA et a l ,  Phys .  Rev. Lett .  55 (1985) 177 
75 - J. POCHODZALLA e t  a l ,  P h y s ;  Let t .  161B (1985) 256 
76 - J .  POCHODZALLA e t  a l ,  Phys .  Let t .  161B (1985) 275 
77 - D. ARDOUIN e t  a l ,  Contr ibut ion t o  t h i s  conference 
78 - F. SAINT-LAURENT et a l ,  Contr ibut ion t o  t h i s  conference 
79 - D. ARDOUIN e t  a l ,  24th Internat ional  Winter Meeting o n  Nuclear Phys ics  - 

Bormio ( I t a ly )  - J a n  1986 
80 - A.  KYANOWSKI e t  a l ,  T o  b e  pub l i shed  
8 1  - B. JAKOBSSON e t  a l ,  Contr ibut ion t o  t h i s  conference 
82 - H.A. GUSTAFSSON e t  al, P h y s .  Rev. Let t .  53 (1984) 544 
83  - B.V. JACAK e t  a l ,  P h y s .  Rev. Let t .  51 (1983) 1846 
84 - D.J. MORRISSEY e t  a l ,  Phys .  Le t t .  148B (1984) 423 
85 - J .  KAPUSTA a n d  D. STROTTMAN, Phys .  Let t .  106B (1981) 33 
86 - W.A. FRIEDMAN, P h y s .  Rev. C29 (1984) 134 
87 - M.I. SOBEL e t  a l ,  Nucl. Phys .  A251 (1975) 502 
88 - H.  STOCKER et a l ,  P h y s .  Rev.  Let t .  44 (1984) 725 
89 - M.B. TSANG e t  a l ,  P h y s .  Let t .  148B (1985) 265 
90 - P. KRISTIANSSON e t  a l ,  Nucl. Phys .  A447 (1986) 577c 
91 - D. ARDOUIN e t  a l ,  Nucl. Phys .  A447 (1986) 5 8 5 ~  


