
WtfnUC 
LABORATOIRE 

de PHYSIQUE CORPUSCULAIRE 

LABORATOIRE LA 34 ASSOCIE A L I N 2 PS 

HEAVY ION INDUCED FISSION 
BETWEEN 10 AND 100 MeV/u. 

J . C . Steckmeyer and B. Tamain 

Invited Paper to the Seminar on Fission, 

Habay la Neuve, Belgium, 22-23 Hay 1986. 

LPCC 86-02 

UNIVERSITÉ DE C A E N 

INSTITUT DES SCIENCES DE LA MATIERE 

ET OU RAYONNEMENT 

ESPLANADE DE LA PAIX • 14032 CAEN CEDEX 

TtMphOfW 3 1 9 3 3 8 7 2 
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ABSTRACT 
Heavy Ion induced fission between 10 and 100 M«V/u Is discussed. It is 

shown that one can obtain information on fusion limits and on typical times 
characterising nuclear matter. 

INTRODUCTION 

For few years, intermediate energy (10-100 MeV, J) heavy ion beams 
are available in few laboratories. In this paper, we will describe results 
concerning fission which have been obtained with such be. ns. They can be 
mainly divided in two classes. 

In the first case, fission has been used as a tool to study reaction 
mechanisms ; the main question is : what are the limits concerning fusion 
between two nuclei ? 

The second class of results concern competition studies between 
fission and evaporation when a very hot fusion nucleus has b*n built. Indeed 
intermediate energy heavy ions are the only projectiles which tan be used to 
build very excited nuclei and this is a new field of study. 

These two classes of results are discussed in the two parts of this 
contribution. 

I - FISSION AS A TOOL TO UNDERSTAND HEAVY ION PHYSICS 

Among the different observables that can be measured in heavy ion 
induced reactions, the linear momentum transfer from the projectile to the 
target is of particular interest for the understanding of the reaction mecha
nisms governing the nucleus-nucleus collisions. 

A very common way to obtain information on the linear momentum 
transfer is the measurement of the separation angle between the two fission 
fragments emitted by the fused system after it has decayed by fission* . 
Most of the measurements which are the subject of this paper have been 
made using light ions such as *He, 1 2 C , 1 4 N , 1 6 0 and 2 0 N e ( 1 " 1 4 ) . More 
recently, experiments have bean performed with Ar projectiles at interme
diate bombarding energies* 1 5" 1' 5 . 

Below 10 HeV/nucléon, at low bombarding energies, the folding 
angle distribution of the fission fragments is characterized by a nearly 
symmetric peak as shown in fig. 1 and 2. The maximum of the distribution 
is centered on a mean value corresponding to the complete linear momentum 
transfer from the projectile to the target. In this low energy domain, typically 
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FIGURE 1 s Evolution of the fission 
fragment angular correlation measu
red in the 14N-^^V system as a 
function of the bombarding energy 
between 7.4 and 45 HeV/nucleon. 
From rvf. 14. 

FIGURE 2 -- Sam* as in fig. 1 for 
the WAH23^ system between 
8.5 and 44 MeV/nucleon. From 
ref. 4, 10, 16 and 17. 
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we deal with a complete fusion process' . 
As the bombarding energy increases, the folding angle distribution 

exhibits two components. At the smaller correlation angles, an intense peak 
is associated with large mass and momentum transfers to the target occurring 
in rather central collisions. At larger angles, a broad contribution shows up 
which corresponds to relatively low momentum transfers taking place in more 
peripheral collisions. This component originates in transfer reactions or inelas
tic scattering of the two ions, followed in a second step by the sequential 
fission of the quasi target. Only a few nucléons are involved in that process. 

When increasing the incident energy, the component associated with 
the large momentum transfers decreases while the component associated with 
the low momentum transfers increases. This is nicely shown in fig. 1 for the 
14N+238y S y S t e m measured at various bombarding energies'' '. With the increa
se of the bombarding energy, the most probable value of the folding angle 
distribution for the fusion-like component is no more longer centered on the 
S value, corresponding to the full linear momentum transfer from the 
projectile to the target, but is shifted towards larger correlation angles (see 
fig. 2), indicating that we have to deal with an incomplete linear momentum 
transfer. Assuming a symmetric splitting of the heavy nucleus and using as 
the fission fragments kinetic energies the values deduced from fission syste-
matics , the folding angle scale can be converted into a linear momentum 
transfer scale, as shown in fig. 1. By plotting the roost probable value of 
linear momentum transfers measured in central collisions, we obtain the univer
sal curve, displayed in fig. 3, showing, as a function of the relative velocity 
of the two ions at contact, the behaviour of the fraction of the incident momen
tum transferred in fusion-fission reactions. The same trends are observed 
when are plotted transfer values issued from evaporation residue measurements. 
This shows that the general features noted in figure 3 are due to entrance 
channel (fusion) properties but not to exit channel ciiaracteristics. Two regimes 
are clearly distinguished in fig. 3, at low energy and high energy, respecti
vely. As can be seen, the experimental data exhibit a limitation of the linear 
momentum transfers above the Coulomb barrier, with incomplete transfers 
down to 40% at energies as high as 84 MeV/nucleon, indicating that the projec
tile has not completely transferred its linear momentum to the compound 
system. 

FIGURE 3 : Fraction of the incident 
momentum transferred to the com-
pound system in fusion-fission 
reactions as a function of the 
relative velocity of the two 
nuclei. 
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What is the mechanism responsible for that missing linear momentum 
f 131 transfer ? Experimental results^ ' have shown that projectile-like fragments 

cannot account for the whole missing linear momentum observed in central 
collisions, and that some prompt light particles are likely ejected in the for
ward direction before the fusion-like nucleus undergoes fission. Other results 
(22 191 
v**.,* / show that light nuclei with the beam velocity are detected in very 
central collisions in the forward direction with two coincident fission fragments. 
A possible interpretation of these observations is that nucléons can escape 
from the mean field of the target if their kinetic energy is much larger than 

(24 251 
the Fermi energy ("Fermi jet") v ' ' . Other possible explanations are pre-
equilibrium or pre-compound particles* * ' , emission from a hot spot* \ 
break up of the projectile* ' , e t c . . . All of these theories can account for 
the fact that the fast ejected particles carry away a sizeable fraction of the 
linear momentum, but at the present time it is not clear which model prevails 
at these intermediate energies. Furthermore, with the onset of the nucléon 
nucléon collisions as the bombarding energy increases, linear momentum is 
less and less easily deposited in the target. Such a picture is expected to 
occur around the Fermi energy (Ep^35 MeV) as observed experimentally 
(see fig. 3). 

By looking in more detail at the spectra in figs. 1 and 2, we can see 
that coincident fission fragments are recorded with a folding angle greater 
than 180° or with a folding angle smaller than the 0 F M T value corresponding 
to the full momentum transfer from the projectile to the compound nucleus. 
Indeed, the velocity and mass dispersions of the fission fragments, as well as 
the effects due to the particle evaporation (mainly neutron emission for the 
heavy targets under consideration in this study) are responsible for such 
events in broadening the angular correlation of the fission fragments. 

FIGURE 4 : Folding angle distributions 
measured in the 40Ar+232Th system at 
different boidbarding energies (from 
ref. (18)). .The fusion like events disap
pear at an incident energy between 35 
and 44 HeV/nucleon. 
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Let UB come back to the evolution of the folding angle distribution 
with the incident energy. As it can be seen in fig. 4* \ the low momentum 
transfer component increases steadily with the bombarding energy meanwhile 
the fusion-like events fall off and progressively vanish. In case of heavy 
targets with very low fission threshold such as U or Th nuclei, peripheral 
collisions account for most of the total reaction cross section for energies beyond 
30 MeV/nucléon, as shown in fig. 5* \ The disappearance of the fusion-like 



FIGURE 5 t Evolution of the cross-sections 
of the fus ion- l ike events (large trans
férai and peripheral collisions (small 
transfers) as s function of the bombar
ding energy, in the 40Ar+2^2Th systam(Ish 
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events occurs at an energy depending upon the projectile and target masses. 
With uranium targets, the fusion-like component vanishes at an incident energy 
of 35 MeV/nucléon with Ar projectiles* 1 7 ), but is stiU observed at 45 MeV/nu
cléon with 1 4 N projectiles*1 4 5 and at 84 MeV/nucléon with 1 2 C projectiles*95. 
A similar disappearance of the fusion-like component is seen by looking at the 
evaporation residues formed in the 4 0 Ar+ 1 2 4 Sn collisions*3 0 5 or 4 o Ar+Ag* 4 3 ) . 
Then, this effect is an entrance channel (fusion) effect and it is not due to 
the fact that fission would no longer be binary when the fissionning nuclei 
is very excited. As the fusion process is still observed with lighter projectiles 
even at higher bombarding energy, it has been suggested that the vanishing 
of the fusion-like events is linked with the importance of the projectile masB. 
More excitation energy is brought into the composite system with a heavy projec
tile rather than with a light one. These observations are interpreted as an 
evidence that the disappearance of the fusion-like events is related to the 

(17 311 
maximum excitation energy that the composite nucleus can carry * ' ' . Calcu
lations have been done on the statistical properties of highly excited nuclei 
* ' in order to estimate the limit of stability of such heated nuclei. Due 
to the Coulomb repulsion, a hot nucleus becomes unstable when the temperature 
goes beyond a limiting value T ^ depending on the charge and the mass of the 
nucleus. From this temperature, maximum energy that a system can sustain 
can be derived, and using the universal curve given in fig. 3 to deduce the 
linear momentum transfers, we can roughly predict for any syBtem the labora
tory energy at which the fusion-like component is expected to disappear. Such 

(351 
estimations have been performed* ' and, for the heavier systems, the fusion 
mechanism should no more longer be observed beyond a laboratory energy of 
30-35 MeV/nucléon, in relative agreement with the experimental data (fig. 6). 
Above these energies, it is no more possible to build an equilibrated nucleus 
and other mechanisms take place such as multifragmentation^ J or liquid-gas 
phase transition* . Nevertheless up to now, the basic mechanism responsible 
for the vanishing of the fusion-lil:e component is not well understood, neither 
the decay mode of these very hot nuclei. 

An interesting question concerns the fission properties when a very 
hot nucleus has been built. Very few data are available and experimental 
efforts have to be done. One knows only that fission remains binary even 
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such t ha t the fusion-iiJce events for a 
compound system of mass A are expected 
to disappear. The solid curve corresponds 
to *°Ar induced reactions, the dashed 
curve for ^C induced reactions and the 
dot-dashed one for symmetric systems 
(from ref. (35}). 

for extreme excitation energies (see above). Concerning the fragments kinetic 
energies they seem to br. slightly larger than the Viola systematica predicts, 
but the deviation is quite small, thus indicating that the shapes of the nascent 
fragments do not depend strongly on the available excitation energy. If one 
considers the mass distributions, no clear conclusion can be drawn because 
the primary distributions are very much perturbed by sequential fragment 
decay. A carefull analysis of these decay steps haB to be performed in order 
to conclude. 

II - FISSION DECAY AT HIGH TEMPERATURE 

Heavy ions are the only projectiles which can be used to build very 
hot nuclei. In this section, we will discuss the evolution and the qualitative 
changes of nuclear fission probability when the fissionning nucleus temperature 
is strongly increased. 

II-1 : The limits of the static statistical theory 
An excited nucleus may deexcite either by fission or by particle evapo

ration. The theory describing this competition is the statistical theory where 
the basic feature (microcanonical representation) is that the probability P of a 
given process is proportionnai to the corresponding final state density (or to 
the state density at the saddle point for fission). By expressing with a model 
these state densities as a function of the excitation energy E*, one is led to 
the well known expression : J f = k(E*) exp 2 / a F (E* -g^ ( 1 ) 

Pi exp 2/aj(E»-Bi) 
where Bp and Bj are respectively the fission barrier and the minimum energy 
required to evaporate the particle i ; a p and a, are the so-called level density 
parameters for deformed (saddle point shape) and spherical nuclei respectively. 

When the temperature of the nucleus is increased, several features have 
to be considered. 

a) the parameters of relation (1) evolve ; 
b) the basic assumptions of the statistical theory quoted above have to 

be reconsidered : indeed, the above theory is essentially static since the 
probability of a given process is simply proportionnai to the state density. 



This may be valid only if a given process (evaporation or fission) may be 
considered as instantaneous. At large temperature, this no longer true because 
time between two successive evaporations becomes also very small. 

These two aspects are développed in the following sections. 

II- 2-a : Eyohition__at_ hjgh__tem£erature_of jy^A^i^fSlA^9ïï_P5J5I!l®?£ r_ s 

When the temperature of a nucleus is increased, several parameters of 
relation (X) (Oj p and Bp) are expected to vary. In both cases, there is no 
direct experimental way to observe these changes and one is led to believe 
theoretical predictions. In the case of the level density parameters, the varia
tions are predicted rather weak as tt is shown in figure 7: It is shown that 

FIGURE 7 • bevel density parameters 
as a function of the excitation 
energy as they are calculated in 
Hartree Fock33 and extended Thomas 
Fermi model38). 
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33) 381 
several theoretical approaches (Hartree Fock , Extended Thomas Fermi J) 
agree rather well one with the other and one expects similar nuclei properties 
at low and high temperatures as far as the influence of the level density 
parameters is concerned. 

The situation is clearly different in the case of fission barriers \ Fi
gure 8 is a clear illustration of this feature. It appears that for increasing 
temperatures, the fission barrier of a Pu nucleus is strongly decreasing 
and becomes negligible for a temperature of 4 MeV. Very hot nuclei would 
then undergo fission rather easily whatever their mass number. 

FIGURE 9 i Evolution with tempera
tures of the fission barrier shapes 
for a 240pu nucleus. From ref. 38. 

From this point of view, the nuclear temperature effect is quite similar to an 
39) angular momentum effect ' and can be used to extend fission studies over all 



the periodic table at variance with what is possible in neutron induced fission. 
From an experimental point of view, the main difficulty is here to disentangle 
between temperature and angular momentum effects since it is rathev difficult 
to heat strongly a nucleus without increasing too its angular momentum ; the 
experimental situation is then still unclear and fission properties of very hot 
nuclei are still unknown. 

II-2-b : ?V£ijni«l_çoi^etMon 

The statistical thtory is a static theory In which one neglects the typical 
durations needed to evaporate or to fission. This is valid if the time between 
two successive decay steps is long. But this last time is a very fast decreasing 

40) 
function of the temperature T of the decaying nucleus. In figure 9 ' which 

208 
is an example for a Pb nucleus, it can be seen that this time is shorter 

- 2 2 
than 10 s for X values exceeding 5 MeV. Now, if the evaporation duration 

• — ?2 - 2 1 dl 1 
may be much smaller than 10 s, the fission duration is about 4x10 a* 1'. 
It is then clear that the competition evaporation-fission will be perturbed by 
time scale considérations as soon as the decaying nucleus temperature exceeds 
2 to 3 MeV. In such cases, evaporation will become possible during the fission 
process itself. 

FIGURE 9 : Evolution with tejjjperature of the 
neutron evaporation half life for a 20sPb nucleus. 
From ref. 40* 

20 3D M SO 
Température (M(V) 

From an experimental point of view, such an analysis may be used 
Pp 

to understand why the p— values (relation 1 are often found much smaller 
than expected. 

The first results of this kind have been obtained by the J. Alexander 
group slightly below 10 MeV/u. But similar behaviours have been observed 
at 27 MeV/u 1 6 ) , 35 MeV/u 1 9 J or 60 MeV/u 4 ? ) . Figure 10 is a typical example 
concerning the C+Th system at 60 MeV/u. Light charged particles were detec
ted at 135 degree to the beam in coincidence with fission fragments resulting 
from fission following fusion. It appears in figure 10 that they exhibit identical 
kinetic energy spectra shapes whatever the direction of the coincident fragments. 
This feature shows that they are emitted before (or during) fission by the 
composite system rather than from the fission fragments. The multiplicity of 
these pre-fisaion charged particles ÎB a very fast increasing function of the 
excitation energy in agreement with the qualitative arguments discussed above 



(figure 9). 
AU these behaviours have been very well quantitatively understood in 

dynamical statistical calculations ' ' where the fission is assumed to be a 
Markov process which is then described by a Fokker Planck equation. Fission 
Is assumed to be sufficiently Blow to be decomposed in a succession of steps 
characterized by given collective variables values (elongation variable for 
instance). At each step the intrinsic degrees of freedom are assumed to be 
equilibrated find the evaporation time is small enough to allow an evaporation 
process to take place at a given step. In such an approach, the number S n 

' H e • 

FIGURE 10 ; Backward emitted light charged particle spectra when the 
coincident fission fragments are detected at various angles. See text. 
From ref. 42. 

sees that the calculated fission width (full line) is negligible for small S n values. 
This feature is simply due to the relatively long time needed for fission. When 
this time scale constraint is relaxed (longer decay times, i.e. larger S n ) , the 
fission width increases. For large S n values, it decreases again because the 

excitation energy has *.een drastically reduced 
by previous evaporations. For S n values larger 
than 8, the full line curve of figure 11 is equi
valent to the static statistical model prediction 
(dashed line) ?ur the difference between both 
approaches is huge for very small decay time 
values. 

This aspect of evaporation-fission competi
tion was completely unknown ten years ago 
and its main features are now rather well 
understood. Intermediate energy heavy ions 
have been quite successfull tolls to progress. 

riGVRE ÎÎ : See text 



II—3 : Cluster evaporation 

Another aspect of fission evaporation competition can be understood in 

looking again at relation ( 1 ) . B^ is the minimum energy requ i red to evaporate 

part icle i . If the particle i s cha rged , Bj is the sum of the b inding and coulomb 

energ ies . Coulomb energy is responsible for the fact that only light charged 

part ic les (H and He isotopes) a re usually evapora ted . However, for ve ry large 

excitation ene rg ie s , the relat ive influence of Bj decreases and evaporation may 

concern c lus te r s as Li or Be Isotopes. It seems that intermediate energy heavy 

ions Are able to open this new decay channel because ve ry hot nuclei can be 

bui ld . This feature can again dramatically modify the fission probabi l i ty . 

For ins tance , in the case of the Ar+Au system at 35 MeV.u where incomplete 

fusion reaction lead to £=90 nuclei with huge excitation energies (t>600 MeV), 

one has recent ly detected evaporation res idues which had not undergone 

fission. Their mass is about 130 a . m . u . which means that they have emitted 

about 100 nuc léons . The only way to unders tand it i s to assume that very 

fast c lus te r emission occured . 

From a theoret ical point of view, c lus ter emission has been recently 

successfully descr ibed in the stat ic stat ist ical model ^ . An in te res t ing 

feature lies in the fact that evaporation may then be considered as a v e r y 

asymmetrical fission and one is led to t r y to unify evaporation and fission 

theory a s it was already sugges ted by Moretto J ten years ago . 

CONCLUSION 

Intermediate energy heavy ions can be used to build v e r y excited fusion 

nucle i . We have seen in section I that fission can then be used as a tool 

to tes t t he fusion t eehanism and to discover what are the extreme limits 

concerning fusion and hot nuclei formation. 

In section I I , we have seen that when ve ry hot nuclei are bui l t , fission 

evaporation competition cannot any longer be fully described i n a n e usual way 

by the statist ical model. New features as dynamical aspects or c lus te r evapora

tion modify dramatically the landscape. Concerning the detailed fission p rope r 

t ies of ve ry hot nuclei ( ior instance fragments p r o p e r t i e s ) , no s t r o n g devia

tions from the al ready know systematics has been obtained. However, v e r y 

few detailed s tudies a re yet available and a clear experimental programm has 

to be developped in o rde r to p r o g r e s s . From a theoretical point of view, it 

is r a t h e r necessary to descr ibed fission and evaporation is a r unified way. 
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