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160 breakup on A1, Ni and Au targets at 94 MeV/nucleon 
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The He-He-He-He disassembly channel of the t60 on 27A1, 5aNi and 197Au targets has been studied at 94 MeV/nucleon. 
Charged particles have been detected by a multielement array of plastic scintillators covering the zenithal angular domain between 
3 ° and 30 ° and the total azimuthal one. Standard relativistic kinematics has been used to reconstruct the excitation energy of the 
primary projectile-like nucleus. Mean values of the excitation energy are found independent of the target mass. The comparison 
with data taken at lower bombarding energies is compatible with a saturation of the mean excitation energy. 

One impor tan t  open quest ion regarding the study 
of  the nucleus-nucleus  collisions at in termedia te  
energies concerns the space - t ime  evolut ion of  the re- 
act ion [1 -4 ] .  This  subject has been explored in the 
last few years through the analysis o f  single-particle 
observables  (such as energy spectra [ 3 ] and angular  
d is t r ibut ions  [ 3,4 ] ) and  of  par t ic le -par t ic le  angular  
correlat ions at small  [1,2] and large [3,4] relat ive 
momenta .  Many  efforts have also been made  [ 5 - 7 ]  
to character ize the event  shape in m o m e n t u m  space 
by a global var iable  approach  based on the geomet-  
rical propert ies  of  the kinetic flow tensor  [ 6,7 ]. More  
recently some exper iments  have been per formed to 
study the breakup  o f  symmetr ic  projecti les like ~60 
[ 5,8-12 ] a n d / s S i  [ 12,13 ] at bombard ing  energies 
between 30 and 70 MeV/nuc leon .  At lower energy 
[5 ] the exper imenta l  results are well reproduced by 
a dynamica l  model  based on a sequential  b inary  fis- 
sion emission [ 7 ]. The mean excitat ion energy o f  the 
pr imary projectile-like nucleus ( P L N )  extracted from 
the da ta  is about  30 MeV [ 11 ]. Wi th  the increase of  
the bombard ing  energy the value o f  this quant i ty  
slowly increases from 30 to about  50 MeV while most  
o f  the avai lable  energy is taken by the target-like nu- 
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cleus [ 11 ] in agreement with suggestions made in ref. 
[ 13 ]. Authors  of  ref. [ 11 ] claim for a possible exis- 
tence of  a plateau for E~,LN which is reached above 
3 -4  MeV/nuc leon  independent ly  of  the par t icular  
decay channel.  

In this letter we report  on an exper iment  in which 
the H e - H e - H e - H e  breakup of  the 160 projecti le has 
been observed in reactions induced on different tar- 
gets at 94 MeV/nuc leon .  The beam was pulsed with 
a repet i t ion rate of  13.5 MHz. The F W H M  of  the 
beam pulse was 1 ns. The thickness of  the used tar- 
gets was 6.76 m g / c m  2 for 27A1, 8.9 m g / c m  2 for 5SNi, 
and 19.3 m g / c m  z for 197Au. Light charged particles 
( 1 ~< Z~< 8 ) have been detected by a large area mult i -  
detector  [ 14], consisting of  an array of  96 plastic 
scintil lators,  2 m m  thick, arranged in seven concen- 
tric rings located at the zenithal angles 4 °, 6 °, 8.5 °, 
12 ° , 16.5 ° , 21.5 ° and 27 ° . It covers the whole azi- 
muthal  dynamics  with a total  solid angle of  0.85 sr. 
The distance from the target was 210 cm. The part i-  
cles have been ident if ied by means of  a s tandard  zkE- 
TOF technique but  a very clean separat ion of  the dif- 
ferent charges was obta ined only for part icles cross- 
ing the scintil lators,  while those s topped in the detec- 
tors could not be easily ident i f ied [ 15 ]. Only charge 
ident i f ied part icles have been taken into account.  A 
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velocity threshold o f  about 5 c m / n s  has been im- 
posed due to the thickness o f  the detectors. 

Typical velocity spectra o f  He ions detected with 
t h e  197Au target are shown in fig. 1 for those events 
containing only four Z =  2 particles. The phenome- 
nology of  this kind of  reactions between heavy ions 
at intermediate energies generally shows the frag- 
mentat ion of  projectile and the formation of  a partic- 
ipant zone [ 4 ]. So, two components  are visible in the 
velocity spectra. The first one is centered close to the 
projectile velocity and essentially appears at forward 
angles. The second one is centered around half  o f  the 
beam velocity and is attributed to a more relaxed 
source [4 ]. The latter is present at all angles and be- 
comes the main contribution when the zenithal angle 
is increased beyond 20 °. This seems quite reasonable 
if one considers that grazing angles for the reactions 
induced by the 160 at 94 MeV/nucleon on 27A1, SSNi 
and 197Au are 0.7 °, 1.4 ° and 3 ° respectively. Some 
panicles from target-like fragments could also be 
present in the spectra of  fig. 1 but the relatively low 
excitation energy of  these fragments [ 16,17 ] coupled 
with the experimental high value of  the velocity 

threshold strongly reduces such a contribution. 
In the present paper we have restricted the analysis 

to the events with only four particles with Z = 2 ,  all 
detected in the angular range between 3 ° and 16.5 ° 
with a velocity greater than 8 cm/ns .  These severe 
conditions reasonably select those events resulting 
from the breakup of  the primary projectile-like nu- 
cleus. In what follows we shall assume that the re- 
corded events correspond predominantly to the four 
alpha-particle channel [ 5 ]. By means of  standard re- 
lativistic kinematics [ 18 ], we have reconstructed the 
velocity of  the center of  mass of  these fragments. The 
distribution of  this quantity for each of  the three tar- 
gets is given in fig. 2. These PLN velocities are 
strongly peaked very close to the beam velocity and, 
moreover,  no evidence of  a dependence on the target 
mass is observed. 

The excitation energy of  the primary projectile-like 
nucleus can be calculated [ 10 ] as the sum over the 
relative kinetic energies KHe of  all fragments detected 
in an event in the rest frame of  the PLN, shifted by 
the Q-value of  the H e - H e - H e - H e  breakup channel: 
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Fig. 1. Velocity distributions of the He ions detected in the 160 + 197Au reaction at 94 MeV/nucleon. Only those events containing four 
Z= 2 particles are taken into account for these spectra. In each plot right and left arrows indicate the projectile velocity and the compound 
nucleus velocity respectively. 
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Fig. 2. Velocity distributions of  the four He ions center of  mass 
for the 27A1, SSNi and t 9 7 A u  targets. In each histrogram the arrows 
indicate the projectile velocity (Vp~oj) and the compound nucleus 
velocity (VcN). 
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Fig. 3 shows the PLN excitation energy distribution 
for the Au target compared to those obtained for the 
same target at lower bombarding energies. The data 
have been normalized so that each spectrum has the 
same total number  of  counts. Table 1 shows mean 
values o f  the extracted PLN excitation energies 
E~,LN and the values of  the slope p o f  the excitation 
energy spectra as a function of  the target mass and 
bombarding energy. The errors are the statistical ones. 
The same value is found for the three targets indicat- 
ing that the breakup process, for the observed chan- 
nel, has to be related mainly to the internal structure 
of  the projectile. E~,LN values show a slight increase 
with the incident energy going from 30 MeV at 32.5 
MeV/nucleon [ 11 ] to 53 MeV at 70 MeV/nucleon 
[ 11 ]. Our mean value of  54 _+ 2 MeV at 94 MeV/nu-  
cleon is similar to that observed at 70 MeV/nucleon 
revealing some saturation of  the excitation energy 
which can be stored in such a projectile. This value 
has been obtained imposing the above mentioned 
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Fig. 3. Experimental excitation energy distributions of  the primary projectile-like nuclues for the breakup process ~60--, He + He + He + 
He in the reaction 1 6 0 +  197Au at different bombarding energies. The data have been normalized so that each spectrum has the same total 
number  of  counts. 
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Table 1 
Mean values of  the projectile-like nucleus excitation energy 
E~L~ (in MeV) as a function of  the target mass and bombarding 
energy per nucleon. The data at 32.5, 50 and 70 MeV/nucleon 
comes from ref. [ 11 ]. The errors are the statistical ones. 

Target E~a m E~LN P Pcorr 
(MeV) (MeV) (MeV) (MeV) 

197Au 32.5 A 30 8.0 10.9 
197Au 50.0 A 40 12.0 17.3 
197Au 70.0 A 53 18.0 22.7 
197Au 94.0A 54-+2 21.0-+4.0 22.0-+2.0 
58Ni 94.0A 54_+ 1 21.0-+4.0 
27A1 94.0A 54-+ 1 19.0-+2.0 

conditions on the detection angle (0~< 16.5 °) and 
particle velocity (v> 8 cm/ns). Slightly varying these 
conditions we find a value of 53 + 2 MeV, taking into 
account all particles with 0~< 12.5 ° and v> 7 cm/ns, 
and a value of 58+2 MeV, taking into account all 
particles with 0~< 16.5 ° and v> 7 cm/ns, which are 
still compatible with the value extracted at 70 MeV/ 
nucleon. The extreme value of 58 _+ 2 MeV found with 
the low velocity threshold is probably too high due to 
the fact that too many He ions from the more relaxed 
source [4] are included in the analysis. A Monte 
Carlo simulation of the breakup process via a binary 
sequential decay has been performed taking into ac- 
count the experimental angular distribution of the 
primary fragment, its velocity distribution and the 
complete geometry of the experimental setup in or- 
der to evaluate the detection efficiency as a function 
of the PLN excitation energy. The efficiency correc- 
tion, calculated only for the Au target, does not affect 
the mean value of ET, Lrq but only the excitation en- 
ergy distribution's slope in agreement with the results 
of ref. [ 11 ] obtained with a very similar multidetec- 
tor. The corrected value Pcorr of the slope of the exci- 
tation energy distribution is also shown in table 1 and 
confirms the trend of the experimental data with the 
bombarding energy. The observed saturation value of 
about 3 MeV/nucleon is in agreement with the sug- 
gestions made for this [ 11 ] and other interacting sys- 
tems [ 12,13 ]. Attempts to increase the available en- 
ergy by raising the beam energy will probably result 
in more excitation energy in the target and/or  in the 
primer of different disassembly channels not ob- 
served in our experiment. Thus, one goal in the un- 
derstanding of the breakup mechanism is to deter- 

mine whether the splitting of the highly excited 
projectile takes place instantaneously or following a 
sequence of binary, fission-like steps. 

The experimental data have been submitted to an 
event-by-event analysis performed in order to extract 
the average values of the sphericity S and coplanarity 
C from which the mechanism of the PLN disassem- 
bly can be investigated [ 5-7 ]. Average values ( S ) ,  
( C ) ,  for the Au target at 94 MeV/nucleon are re- 
ported in table 2 and compared with those extracted 
at 32.5 MeV/nucleon [5 ]. The lower values at 32.5 
MeV/nucleon have been taken in ref. [5] as an in- 
dication of a sequential decay process. The higher 
values of ( S )  and ( C )  found at 94 MeV/nucleon 
could be also attributed to a more prompt decay pro- 
cess such as multifragmentation. However, we are 
aware our analysis of data in terms of coplanarity and 
sphericity is relative to events with only four parti- 
cles and this low multiplicity can introduce larger 
fluctuations in the coplanarity and sphericity mean 
values [ 19 ]. 

The velocity distribution of the alpha particles 
could be also affected by the long-range Coulomb field 
of the target. In refs. [20,21 ] it was shown how one 
can exploit this feature to learn about the time-scale 
of the break-up process. The method consists in the 
characterization of the distortions of the velocity ten- 
sor [21 ] - where the summation must be extended 
over all detected alpha particles - by means of the 
total coplanarity Cx. The reaction plane is not iden- 
tified in our experiment and, consequently, the ve- 
locity tensor has the beam direction as a symmetry 
axis. Under these particular circumstances the co- 
planarity of the total distribution can also be written 
in term of the variances of the velocity in the beam 
direction, all, and in a transverse direction, a±, as 
follows: 

Table 2 
Mean values of  the sphericity and coplanarity extracted by the 
197Au (160, H e + H e + H e + H e )  events detected at 32.5 and 94 
MeV/nucleon.  The data at 32.5 MeV/nucleon comes from ref. 
[ 5 ]. The errors are the statistical ones. 

Ein~ (MeV/nucleon)  Sphericity Coplanarity 

32.5 0.191 +0.004 0.101 _+0.002 
94.0 0.378 _+ 0.011 0.160 + 0.006 
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We have cons t ruc ted  a series o f  veloci ty d is t r ibu-  
t ion  as a func t ion  of  the l i fe t ime r and,  for each of  
them, we have der ived  the cor responding  value of  Cx. 
All the po in t s  o f  the  s i m u l a t i o n  fall in  the shaded area 
of  fig. 4. In  cont ras t  to refs. [20,21 ] we have here a 
region in  the (CT, z) p lane  a n d  not  a l ine because a 
range o f  impac t  paramete rs  has been  included.  The  

dashed  l ines in  the figure represent  the va lue  o f  Cx, 
extracted f rom the exper iment .  The  results o f  this  
analysis  are thus  cons is ten t  with a l i fe t ime for the di- 

sassembly process in  the order  o f  z =  4 0 - 8 0  fm/c. 
In  conc lus ion  the H e - H e - H e - H e  b reakup  channe l  

has been  observed in react ions induced  by  a t60 b e a m  

at 94 M e V / n u c l e o n  on  targets s p a n n i n g  the whole 
mass  range of  stable nuclei .  An  event  by even t  anal-  
ysis has a l lowed to extract  the m e a n  values  of  the pro- 
ject i le- l ike nuc leus  exci ta t ion  energy. This  quan t i ty  
has been  found  i n d e p e n d e n t  o f  the target mass.  The  
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Fig. 4. Total coplanarity CT versus lifetime ~ for the projectile 
breakup 160-,He+He+He+He in the reaction 160+ 197Au at 
94 MeV/nucleon. The shaded area corresponds to the simulated 
events, while the dashed lines mark the experimentally extracted 
value. 

c o m p a r i s o n  of  these m e a n  values  with those ex- 

t rac ted at lower b o m b a r d i n g  energy for the same H e -  
H e - H e - H e  channel  indicates  a sa tura t ion  of  the m e a n  
energy t ransfer red  to the project i le  in  the collision. 
Character is t ic  decay t imes  in  the order  of  a few tens 

o f  f m / c  are inferred  f rom the data.  
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