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In the last few years a large amount of data have been obtained on the 
complete fusion of light ions 1). One of the aim of these studies was to look 
for aspects which could not be explained by the macroscopic description of 
the fusion which works quite well for heavier systems 2). Indeed, it was sug
gested chat for light systems che fusion could be sometimes limited by com
pound nucleus properties or by some particular structures in the entrance 
channel. 

In this talk new results on fusion experiments obtained by the Saclay 
group will be presented. 

I. Experimental results 
The procedure used for measuring fusion cross sections is Co detect the 

evaporation residues after Che formation of a compound nucleus in che colli
sion of two light ions (A r H s 40). These reaction products are quite heavy 
and are emitted preferentially at forward angles because the light particle 
evaporacions (n,p,a) do not deviate very much the residual nuclei from the 
beam axis which is the initial direction of che compound nucleus. Thus che 
identification of heavy produces by Cime of flighc (mass measurements) and 
AE-E Cechnics (atomic number determination) has to be done at very forward 
angles (typically from ^ 3° Co 20" in the laboratory system). 

Only che Z-idenCificacion have been performed ac Saclay using Che AE-E 
method. In general the AE signal was obtained from a thin transmission sili
con defector (̂  3 to 4 microns) and a E silicon detector vas used to measure 
eh.1 rest energy. Nowadays a classical ionisation chamber (gaseous AE, sili
con detector E) is currencly used ; it is more flexible and permits better 
Z-discriminacion. An identification matrix obtained with this chamber is 
shown in figure I for che cjse of che - 6Ar compound nucleus. The various pos
sible decay products are clearly separated from Z • 17 Co 13 ; their energy 
specCra ac chis forward angle are cencered around the energies calculated 



assuming that the residual nuclei have the velocity of the compound nucleus 
(straight line in figure i). 
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The differential cross sections for each individual atomic number can be 
obtained by summing the events located between each separation lines drawn 
in figure 1. An example of the variation of dc/dS versus 9. . is given in fi
gure 2 for the four most prominent elements produced in the 1 5N • 1 6 0 collision. 

At a given energy a typical beha
viour of these angular distributions 
i", a difference in the maximum lo
cation for elements produced by nu
cléons or by alpha emission and a 
broadening of these distributions 
for an increasing number of evapo
rations. 

When varying Che incident 
energy this behaviour of the shapes 
for a given atomic nuir.Wer is 
not strongly modified bec.use of 
Che competition between the kinema-
tical focusing towards smaller an
gles and the increase of the number 
of neutron emissions when the ener
gy is growing up. In principle, it 



could bn. possible to obtain informations on the decay routes by looking at 
these shapes, however it could be easier if the evaporation residues are to
tally identified by their charge and mass. 

2. Compound nucleus decay 
From the precedent angular distributions one can extract the integrated 

cross sections for each elements and hence one obtains the decay pattern of 
the excited compound nucleus. In figure 3 are shown the data obtained by the 
Saclay group1);the white rectangles represent the experimental cross sections 
for each atomic number produced by the decay of the compound nuclei formed by 
the entrance channels and at the energies indicated on the figure. 
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One first observation on this figure is the large variety of the element 
distributions ; large differences can be observed for the same compound nucleus 
studied at various energies or through different entrance channels, the sane 
aspect is also seen for compound nuclei differing by only one neutron. 
Such sensitive behaviour could suggest that these distributions are a 
challenge for nuclear reaction theorists . However evaporation calculations 
using the CASCADE code from F. Puhlhofer-) having as inputs the parameters 
described in ref. 3) are able to reproduce very nicely the experimental situa
tion (black rectangles in figure 3). The only input specific to the present 
systems apart the mass and charge of the . impound nucleus itself is the expe
rimental absolute complete fusion cross section. The agreement between expe
riment and theory is quite striking, the rare deviations being probably due 
more to experimental problems (Z-discriminations when using solid state AE, 
contaminant subtractions, etc..) than to a failure of the theory. 



Thus it can be concluded that we are well dealing with evaporation resi
dues following the decay of ;; compound nucleus and that the statistical theo
ry is well suited Co account for the experimental results. The state of art 
of such agreement between theory and experiment is perhaps to see in the pa
per of Puhlhofor et al."*) ; the only important failure at low incident ener
gies is the anomalous high production of 2 3Sa observed by Coffin et al. 5) in 
the 1 3 0 + I 2 C and 1 3 0 + 1'C system. Since the theory works well one is temp
ted to say ve cannot gain more from these analysis except the confidence on 
the parameters used ; however this success of the theory could help to iden
tify which part of the produces is due to the compcund nucleus decay in the 
more puzzling element distributions observed at high incident energies. 

3. Excitation functions of the fusion cross sections 

Glas and Moselfa) have shown that the fusion excitation functions can be 
parametrized in such a way that the notions of critical radius (r ^ 1 fm) 
introduce^ by Gal in et al. 7) and of a larger usion radius (r "- 1.4 fm) fund 
by Gutbrod et al. 3) can be unified. 

When we forget a part of their more complete treatment we can divide the 
excitation function in two parts (low and high energy) a .id write the fusion 
cross section o, as : fus 

°fu5 -* R 2 ( I - 1 > w i t h R = r o ( A ! / 3 • 4 / 3 ) 

where £ is the center of mass energy ; a couple R, V has to be chosen for des
cribing the high energy (r i I fm) and the low energy parts (r "•- I .4 fm). In 
a plot of o f versus l/E or E this behaviour is seen by a change in the slope 
as it is shown in figure 4 for the 1 5 N • 1 2 C and *' A + l 2 C systems 3). 

What it is not so understable in a such simple description is the large 
observed differences, largely exceeding the size effects, between neighbou
ring systems both at low and high incident energies. Furthermore the 
l u N + 1 3 C system leading to Che same compound nucleus as the 1 5 N + 1 2 C sys
tem shows also another behaviour, the maximum of a. being not really seen 
in the studied energy range. These aspects are not explainable by a macrosco
pic description and need more sophisticated treatments able to deal with the 
competition between the fusion and other reaction channels and taking into 
account the individual structure of the partners in the incoming channels. 
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Another example is shown in 
figure 6. Once again, the varia
tions of che cross seccions ver
sus E are quits different for 

c m . 
neighbouring systems or even for 
che same compound nucleus. In Che 
cases of figure 6, chis is parti
cularly crue at high incident 
energies. However we shall 3ee 
latter chat chis representation o, • o(E) is not always the fus 
most adequate. 
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Other recenc resulcs are 
also shown in figure 5, che car-
get being now 1 6 0 instead of *'C ; 
no difference in che fusion cross 
seccions is seen for che i;*X or 
1 5 N induced reactions on 1 6 0 in 
contrast with what is ooserved 
for 1 2 C . For comparison is also 
shown a full line drawn through 
the daca of ref. 1 0) for the 
1 6 0 • 1 6 0 syscem. Excepc Che puz
zling oscillacory behaviour of 
tnii syscem, che aosoluce cross 
seccions are very similar to the 
two other couples in figure 5 
Respite the double magicity of 
the 1 6 0 • 1 6 0 system. 
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4. Limiting critical angjlar momenta for fusion 

Using the sharp cut-off model the fusion cross section can be also writ
ten as : 

fus - <* p r • »• ,2 cr 

where k is the wave number and I the critical angular momentum. 

Few years ago, before the great rush on the measurements of evaporation 
residues in light systems a method has been proposed 1 1» 1 2) to determine the 
critical angular momenta for fusion. It consisted in analyzing by the Hauser-
feshbach theory the experimental populations of discrete final states of a 
residual nucleus by a one-step evaporation and in introducing a cut-off in 
the Hauser-Feshbach summation in order to reproduce the absolute magnitude 
of the cross sections. 

This was mainly applied for the 1 2C( 1'*N, 6Li) 2 0Ne reaction. However, the 
cross sections for such processes become smaller and smaller when the inci
dent energy increases and the analysis needs a good knowledge of the parame
ters even when their number can be restricted Assuming that the critical an
gular momenta can be related to the excitation energies in the compound nu
cleus one obtains Che plots in figure 7 where a comparison is done betveen the 
results of the previous method (open circles) for the ll*N • 1 :C'-) and the 
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,l_j agreement can be observed. Compari-
; ! sons are also done with predictions 

of the compound nuclei yrast lines 
assuming a rip.id body moment of iner
tia (dashed curves). A more sophis
ticated estimate by Glas and Mosei'-"1) 
of the 2 6A1 yrast line is compared 
with higher energy dati. en figure 8 
(the dashed curve represents the ri
gid body assumption and the full cur
ve is the result of the calculations 
of ref.1**). Following these authors. 

Fig. 7 Che critical angular momenta obtained 
through fusion measurements in these systems cannot be interpreted as bein; due 
to the yrast line of the compound nucleus itself. 

C-!r:e i-^.-r 

» / 

TO 

TIC ' j n r * 

140 FUS iON OF 
1 ' V Mr 2 5 , , , j , 

120 \ » w *"~ M l • / / 

1100 
/ 

/ 

• ~ tz* / 

^ 60 '5 / 
C i | • jT ! 

•IU AOL 

2 C L 
• 

' l 

0 r. ^£, 
r : ! r , . . ! , 

10 20 
I (h) 

30 

Pig. 8 

Results for the 3 0Si compound nucleus formed through either the 1 7 0 + 5 2 C 
v. ....e "•*, •<• '"c w.iu.i.idU (Jiôujrc 9) or for the 3 2 S through to 1 6 0 • 1 S 0 or 
2 0 N e • 1 2 C channels (figure 10, ref. 1 5) seem indeed in this optics quite puz
zling : at high excitation energy the same critical angular momenta are fourni 
for two entrance channels even for a large difference in mass asymetry (figu
re 10). The rigid body assumptions for the yrast lines are also drawn in 
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figjre 9 and 10 : the predic
ted critical values ar_- larder 
than the experimental ones and 
the trend of more sophistica
ted treatments11*) is still to 
increase these predictions. 
The question remained open if 
either the yrasc line is not 
the calculated one or if par
ticular shapes of the compound 
nucleus could play a role in 
the fusion process. 
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5. Maximum values of 'fus 
For the light systems studied here, the variation of o- versus E shows 

max generally a maximum or a plateau. A systematics of the o, values has been 
done by Schiffer 1 6) when only the blackened points of figure II were available ; 
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except for the 1 5 N • **C case a trend for a shell effect was visible (dashed 
lines) since systems involving on'/ p-shell nuclei have lower maximal fusion 
cross sections than the systems for which one of the partners belongs to the 
s-d shell. New data are now on this figure (open circles, the I 6 0 + l e 0 data 
are from 1 0), 2 0Ne + 1 2 C from 1 5 ) , data on 1 2 C , ̂ N, 1 5 N + 1 2 C are taken 
from9)) and this hopped shell effect disappears : the l s 0 • 1 6 0 data from the 
Copenhagen group are obtained from evaporation residue measurements and the 
blackened point in f ig-.ire 11 was deduced from Y-ray measurements ; in the 
Î6Q + 12ç Sy Stem evaporation calculations show that, around the maximun, the 
3a decay, not taken into account, could contribute by about 100 mb, light 
particles measurements 1 7) also show the importance of this decay channel. The 
three remaining low cross sections (a', < 1000 tub) involve also 1 2 C as one 

fus 
of the partners and coincidence measurements could be required to conclude if 
max . g a b o u t a c o nscant whatever the system is or if a decrease exists for 
light systems. 

The full lines drawn in figure II are calculated values of a, using a 
sinplified liquid drop potential with a matter radius of 1.05 fm (upper curve) 
or 1.0 fm (lower curve) and the formula of Clas and Mosel 6) to obtain 
a, • f(E) ; thesj simple calculations seem able to account for a large part 
of the experimental results without microscopic assumptions. 



6. High energy measurements 
Up to now only tew experiments have been done to study the fusion cross 

sections between light "heavy ions" at incident energies larger than a few 
MeV/nucleon. One of the problems in these experiments is that a targe amount 
of excitation energies is available and the evaporation cascades become very 
long and can go so far that the number of evaporated nucléons can be larger 
than the number of nucléons present in the target or in the projectile. In 
this case the discrimination between mechanisms (deep inelastic processes, 
break-up, etc.) other than a compound nucleus formation and decay is rather 
difficult. 

In figure 12 is shown how the evaporation calculations (CASCADE code) 
can help for the decay of 3 2 S formed by two channels at E » 60 MeV. ) 
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AC lower energy the experiment and theory agree well (figure 3) but in figu
re 12a, discrepancies appear when assuming a critical value i> of 31 fi chosen 
to fit the measured cross sections (0. formula in section 4) of products ha
ving characteristics of evaporation residues by their energy and angular dis
tributions. Assuming than the elements with Z > 8 have to be considered as 
evaporation residues the values l> 26 n has been taken in order chat the 
calculated cross section for Z > 8 equals the measured J ( Z > 8) (figure 12V'. 
In this case the experimental results ar« well reproduced for Z > 9 but 1^.-
ge discrepancies remain for elements with Z f S ; their production could be 
interpreted as b«»ing due to another mechanism like deep inelastic collisions 



followed by evaporation or by fusion after a break-up of the projectile* 8). 
It could be also noticed that the assumption of a lower I cut-off as sugges
ted by TDHF calculations which fit quite well the fusion excitation function 
for the i 6 0 • l 6 0 system 1 3) does net help to fit the decay pattern (figure 
12c, o . • a for 2 > 8); the agreement is not good for light elements and 
the elements with larger Z which are thought to be produced by a pure com
pound nucleus decay are ncv largely underestimated. 

Such high energy experiments are of great importance since they permit 
to tesr further the nucleus-nucleus potentials and the influence of the pro
perties of the compound nucleus as shown by the examples in figure 9 and 10. 
Up to now, with the exception of the experiments of Stokstad et al. 2 0) on the 
!"*N T 1 2 C systera and of the works of the Columbia and Texas groups^ 1), no such 
measurements at energies higher than 10 MeV/nucleon are known. They show that 
it could be possible to test the upper limit of angular momenta which can be 
supported by a compound nucleus whatever its excitation energy (cut-off of 
the yrast line). On figure 13, the deduced critical angular momenta obtained 
in the only high energy fusion experiments 2 0» 2 1) are compared with the liquid 
model predictions of CPS 2 2) ; they have been obtained with ***N and 1 2 C projec
tiles at energies larger than 15 MeV/nucleon, entrance channel effects could 
explain the location of a few experimental points under the L.D. line. It has 
to be noticed however that, up to now, no attempt has been done to follow 
this line of fixed angular momentum in a nucleus and, exciting results are 
expected when heating the compound nucleus of a given maximum spin up to the 
boiling point (excitation energy per nucléon around 8 MeV). 

Fig. 13 



7. Concluding remarks 

In this talk, experimental results obtained by the Saclay group for fu
sion cross sections were presented. A few statements can be done : 

1) The decay pattern of the compound nucleus is well reproduced by evapora
tion calculations usins- the CASCADE code with a set of parameters common to 
the studied systems. Then, so far a pure compound nucleus formation is achie
ved, the theory is able to describe the decay step. 

2) A point which has not been discussed in this talk is the ability to deter
mine an interaction potential between two ions from the fusion data. In prin
ciple, using the Bass formulae^3), it is possible to build a potential, point 
to point, from a fusion excitation function ; it is also possible, as Bass 
did, to deduce an universal potential which can globaly reproduce the data 
but not the details 2*). It has to be noticed thar a lot of assumptions have 
to be done in deriving these potentials and that, even at still low energies, 
it is not easy to determine the relative influence of both real and imagina
ry parts of the nuclear potential. 

3) The variations of c, with bombarding energies are different for each 
systems both at high or low energies even for systems differing by only one 
nucléon or leading to the same compound nucleus through various entrance 
channels. Furthermore particular systems such as 1 2C + 1 2 C , 1 6 0 • 1 2 C and 
16Q + 16 0 show structures which are not yet well understood. Such puzzling 
beha/iours should not be explained by macroscopic considerations. Although 
the proposed influence of shell effects on the a, values appears not valid, 
it is however probable that individual structures of the colliding ions and 
of the compound nucleus have to be taken into account for describing the fus-
sion process. In this respect TDHF calculations are promising although alrea
dy some of their predictions do not seem in agreement with the experimental 
results. 

4) Efforts have still to be done in order to study compound nuclei formed by 
various channels in a rather large energy range. These experiments are still 
scarce but must profite of the development of exotic beams. 

5) High energy experiments are very promising to study che nuclei in ory ano
malous conditions. Evaporation calculations seem able to help to extract the 
fusion contributions from the total reaction cross sections. 
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