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Abstract 

Heavy residues of collisions of ** Kr + 1 2C at 35 MeV/amu were mea
sured using time of flight A E-E telescopes. An important part of 
the total cross-section leads to events that have all the characte
ristics of an equilibrated composite system decaying by heavy 
fragments emission. The experimental yields are well reproduced 
using a statistical model. 

* Experiment performed at GANIL, Caen, France 

+ Also : Istituto Nazionale Fisica Nucleare, sezione di Catania and 
Istituto Dipartimentale di Fisica, Corso Italia, 57 I 
95129 Catania, Italy 



- 2 -

In low energy heavy ion collisions (E< 10 MeV/nucleon) fusion 

followed by light particle evaporation or/and fission is one of the dominant 

processes. For the intermediate energy domain (E - 10-100 Mev/nucleon) little 

is experimentally known about the possibility of formation of a composite 

system at high excitation energy and about its decay modes. In the present 

work we show that for the *%r + 1 2C collision at E » 35 MeV/nucleon, 10 % 

of the reaction cross-section can be associated with events having the 

characteristics of an equilibrated system formed with the maximum energy and 

mass available in the entrance channel. Data shows that emission of heavy 

fragments becomes an important decay mode. 

In this experiment the '"Kr beam ( ^ 10 1 0 particles/s) delivered 

by the Ganil accelerator was used to bombard a l2C (A00|jg/cm2)target. Reac

tion products were detected by means of a triplet of solid state silicon 

detectors (50 um, 100 u m, A mm). The start and the stop detectors were 

located at lm and 2.4m respectively of the target. The time resolution (FWHM 

i 130 ps) allowed a mass separation up to A T- 50 a.m.u., and the atomic 

numbers were determined by the ûE-E technic . Another triple telescope 

with the same characteristics was located at fixed angle 6B =• -3" for coin

cidence measurements. Angular distributions were measured at angles larger 

than the grazing angle in the rangéeA » 1.75° - 14°. Absolute cross-sections 

were measured from the known target thickness, solid angle (0.036 msr) and 

intergrated beam current, whith an overall uncertainty of 15 %. 

Fig 1 shows a typical two-dimensional velocity versus mass spectrum 

obtained at 8. - 5°. Two branches are clearly observed in the lower mass 

region. Centroids of theBe two components are shown in fig. 2 as a function 

of mass for different detection angles. Data are integrated with a five mass 

unit bin. The variation of these two components with detection angle and 

mass suggest that the reaction products originate from a composite system, 

the low and high velocity component corresponding respectively to backward 

and forward emission of a fragment in the center of mass of the emitter. 

Full curves on fig.2 show a binary kinematical calculation which supports 

this picture. 
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These calculations depend on three parameters : 1) The momentum transfer 
which determines the mean position of the two branches j 2) The total 
residual mass after complete cooling down which gives the convergence point 
of the branches ; .3) The separation energy which determines the distance 
between the two components. The experimental data were reproduced assuming 
full momentum transfer, a total residual mass of 70 a.m.u. and a separation 
energy given by the Viola's formulae [l| multiplied by a mass asymmetry 
factor [z J. These formulae described successfully the separation energy of 
fissioning systems at low energy. 

Fig. 3 shows the mass correlation MA versus Me obtained by coinci
dence measurements. A constant total masB (77 a.m.u. with a FWHM of 14 
a.m.u.) is observed. This confirms the binary origin of the two detected 
heavy fragments. 

The full momentum transfer corresponds to 364 MeV excitation energy 
in the composite system ( 8"Kr + > 2 C ) . Assuming, as a first guess, that the 
mean energy loss per evaporated nucléon is 15 MeV, about 24 nucléons must be 
emitted to cool down the system. This corresponds to a total residual mass 
of about 72 a.m.u. which agree well with the mass deduced by kinematical 
measurements (Fig. 2) and the one observed in the coincidence measurements 
(Fig.3). 

The angular distributions of the mass fragments from 20 to 50 
a.m.u. are nearly symmetrical with respect to 90° in the center of mass of 
the emitter system, suggesting a deexcitation process from a nearly fully 
equilibrated Bystem. 

Finally Fig.4 reports on the cross-sections obtained by integration 
of the angular distribution for each mass-bin. A deep minimum is observed 
around 39 a.m.u., which corresponds roughly to half of the mass previously 
deduced in coincidence measurements. 
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This dependence suggests that the emission of heavy fragments 
becomes an importent decaying mode of the equilibrated composite system, so 
it was interesting to see wether a statistical model description of the data 
is possible. 

Standard statistical deexcitation codes applied to highly excited 
systems present too much restrictions on the kind of emitted particles. The 
approach proposed in the ref. [3,4] seemed more promising since it allows a 
continuous transition from light particle emission to fission. This model 
has been applied with success to the emission of heavy fragments in the 
reaction 3He + Ag at 90 MeV [5]. 

We have written a code (EDCATH) which follows this approach and in 
addition takes into account the angular momentum in the calculation of the 
branching ratio of the different binary partitions. Both fragments must be 
contained in the mass-table [6] . At each stage of the sequential cascade, 
starting from an emitter (A,Z) with excitation energy Ex and angular momen
tum L, the branching ratio T is taken to be proportional to the level den
sity P at the saddle point : 

(1) 
r (A,, Zl , Aj , Zj ) Oj>(U,A,Z) 

where : U » Ex + Q - Vg> - Emt 

Q is the Q- value for a given binary partition ; V s p is the saddle point 
energy [7] and E r o t is the rotational energy calculated in the sticking 
limit. 

The initial excitation energy and the angular momenta of the frag
ments have been calculated assuming thermal equilibrium and sticking limit. 
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These fragments are assumed to decay by emission of many sequential parti
cles all treated in the same way until complete cooling down is achieved. It 
was verified that this code reproduces very well with the same parameters 
the experimental results of fusion-evaporation L8j and fusion-fission ;9j 
measurements of the '"Kr + 2 7A1 system at E„ • 110 MeV. More details on these 
calculations will be given elsewhere [10] . 

The calculations presented with a dashed line on Fig.4 supposed 
that the composite system has been populated with angular momenta lower than 
a critical value in the entrance channel (lcr » 41 TO, This value was 
calculated with the formalism and parameters of ref. [11] multipliyng the 
result by a factor 7/5, as proposed by BASS [12] . One observes that the 
intermediate mass region is well reproduced, but some disagreement appears 
for masses around 70 a.m.u and the absolute value of experimental cross-
section is mismatched. Increasing arbitrarily the critical angular momentum 
to reproduce the total experimental cross-section, the general trend of the 
calculation results becomes very different from the behaviour of the data. So 
we introduced, in the entrance channel, the incomplete fusion mechanism 
proposed in réf. [il] . For simplicity the bin-model approximation [13] was 
used. The results are shown on Fig.4 as full line. The absolute value of the 
cross-section (corresponding to 1 = 85 Ti) is well reproduced showing that 
the intermediate masses are produced through a complete fusion mechanism, 
while the incomplete fusion mechanism is responsible for the production of 
higher masses. 

The shaded area in Fig.3 indicates where two residual heavy frag
ments emitted by the composite system are predicted by the model. A good 
agreement with coincidence data is observed. 

The above calculations suggests that intermediate mass products are 
almost entirely produced by interactions involving only angular momenta 
lower than 41 h and thus correspond to central collisions. Since the maxi
mum angular momentum available in the entrance channel is 135 n the heavy 
fragments emission occurs for angular momenta much lower than the one 
predicted by the rotating liquid drop model (85 to). 
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In conclusion, the present experiment has shown that in the 
collision of 9"K + a C at 35 MeV/Nucleon the formation of a well equilibra
ted system represents still an important contribution to the total cross 
section. This means that the composite system is heated up to an excitation 
energy corresponding to a temperature around s MeV if we assume an ideal 
Fermi gas at normal nuclei:.1 density. A quantitative analysis using the 
statistical model reproduces well the experimental yields. Complete fusion, 
representing 10 % of the total cross-section, followed by evaporation of 
heavy fragments la seen to be the dominant process for products of the mass 
from 25 to 60 amu. Incomplete fusion contributes mainly outside this domain 
with about 30 % of the total cross-section. 
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FIGURE CAPTIONS 

Fig. 1 : Two dimensional velocity versus mass spectrum obtained at(^ = 5°, VQ 

is the projectile velocity. 

Fig. 2 : Centroids of the velocity spectra as function of mass for different 
laboratory angles. The full curve corresponds to a binary hinemati-
cal calculation. 

Fig. 3 : The experimental mass correlation (points) for heavy fragments de
tected at a « -3° and 0 =1.75 -5° is compared to the model pre
diction assuming complete and incomplete fusion in the entrance 
channel (shaded region). 

Fig. 4 : Total cross-sections as function of mass. The experimental points 
are compared to a statistical calculation applied to a composite 
system formed via complete fusion (dashed line) or complete and in
complete fusion (full line). 
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