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COMPLETE FUSION AND ITS LIMITATION

Marc LEFORT

Institut Physique Nucléaire - ORSAY
et Ganil
B.P. n° 1 - F 91406 - Orsay -~ Cedex

Résumé. Un essai de définition de la fusion compldte est fait dans 1'introductionm.

Parmi toutes les collisions profondes qui passent par un intermédiaire composite, on fait
la distinction entre les collisions tr@s inélastiques pour lesquelles la fusion se pro~
duit d&ja, les quasi fissions oli 1'amortissement de 1'&nergie est total et la fusion
compléte pour laquelle les deux noyaux sont agglomérés pendant un temps assez long pour
que l'intermédiaire décroisse en produits finals sans souvenir de la composition du pro-—
jectile et de la cible. Cette fusion compl&te peut, dans certains cas, 8tre distinguée

de la formation du noyau composé si la desexcitation a lieu avant équilibre total dans
tous les degrés de liberté&. Une &volution continue a lieu depuis les collisions légérement
inélastiques jusqu'd la formation du noyau composé.

Dans le paragraphe 2 on montre comment la mesure des sections efficaces pour la
fusion compl&te entre noyaux légers i faible énergie peut permettre de définir une barridre
d'interaction pour la fusion. Une tentative d'explication est donnée pour les oscillations
des fonctions d'excitation pour '2¢+!®0. Puis, & plus haute énergie, une limitation plus
importante intervient due au moment angulaire orbital dans la voie d'entrée et le concept
trés utile de distance critique est expliqué (Galin et al.,et Bass). La détermination de
lc % 3 partir des fonctions d'excitation et 1'application du code Alice sont discutées.
On montre pourquoi la descente vers les hautes &nergies des fonctions d'excitation
(IL,xn) dépend de facon tr8s sensible d'une certaine limite au moment angulaire. Mais
cette limite n'est peut—&tre pas toujours la valeur £ _ pour la fusion compl&te car les

hautes valeurs de J conduisent & 1'8mission de particules a.

Ensuite, pour les syst@mes lourds, la distinction est faite entre fission aprés
fusion compléte, fission de prééquilibre et quasi-fission., Le mod&le de la barriére de
fission de goutte liquide tournante est discuté. Enfin, 1'hypoth&se d'une limite aussi du
cOté des faibles £ est exposée, 3 partir des résultats expérimentaux sur le déplacement
des fonctions d'excitation. Les autres temntatives d'explication ont &choud.

Pour conclure, on montre combien la fusion compléte dépend de la dissipation d'énergie et
en quelque sorte d'un &quilibre entre les forces coulombiennes (conservatives) et les
forces dissipatives.

Abstract. First, a definition of complete fusion is given. Amongst "hard” collisioms
which pass through a composite system, a distinction is made between deep inelastic
collisions where some fusion process occurs, quasi-fission where a complete damping is
attained, complete fusion and compound nucleus formation. Complete fusion corresponds to
interactions where both partners are joined together a time much longer than the colli-
sion time and make an intermediate which decays into the final products without parti-
cular remembrance of the composition of projectile and target. It might differ from com-—
nound nucleus formation as far as the full equilibrium before decay is not required.
It is shown how there is a continuous evolution between smooth inelastic collisions and
compound nucleus formation.

An analysis is made in section 2 of the deduction of the interaction barrier for fusion
(incomplete and complete) from cross section measurements in the cases of light and medium
systems at low energies for which fission is a negligible process. An attempt is made to
explain oscillations in the excitation functions for OCF in (}2¢ + 180y,

In section 3 the limitation to complete fusion due to high orbital angular momenta and
the very useful concept of critical distance are explained (Galin et al.,and Bass).
The basic concept of the Alice code is discussed as well as the determination of £

. p . ; . cr
from excitation functions. It is shown that the slope of decreasing branch of
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(HI,zn) excitation functions on the high energy side depends very strongly on some type
of angular momentum limit. But it might not be the critical value for complete fusion,
because high J population decays mainly by o particle emission.

In section 4, the distinction between fission after complete fusion, preequilibrium
fission and quasi-fission is made for heavy nuclei. The concept of rotating liquid drop
fission barrier is discussed. The hypothesis of a limitation to complete fusion from
low f~vawes is exposed, as well as the experimental results on excitation functions
that has been obtained. It is shown that all other explanations: fail.

As a conclusion, it is shown how complete fusion depends strongly on the energy dissi-
pation and on the balance between conservative Coulomb forces and dissipative forces.

- COMPLETE FUSION AND ITS LIMITATION -

1 ~ Introduction. "Hard" collisions, fusion,

composite system, complete fusion and

compound nucleus formation.

A rather popular joke in a number of recent
meetings on heavy ion physics was to talk about
"confusion' when the subject of complete fusion
between two complex nuclei was discussed, and that
should have perhaps restrain me to accept to treat

again this question.

As originally used, the expression "compound
nucleus" that some authors consider as equivalent
to "complete fusion", was applied to a nucleus excit
ed by the absorption of a single nucleus and excited
to a single level, and existing long enough for the
mode of decay to be independent of the mode of for-
mation. For a nucleus excited to an energy region
where many and many levels overlap, the time should
be long enough that a thermodynamical equilibrium
should be attained. The formation process and the
decay process, being separated by the intermediate
existence of the compound system, should be indepen-—
dent except for the restrictions imposed by the con-
servation of energy, total angular momentum and
parity. The compound nucleus should exhibit equi-
partition in the occupation of all accessible
degrees of freedom. For high excitation energies,
the quantitative treatment was made through the well
known Weisskopf's theory [1] and the angular momen-
tum effects have been included in the level density
estimation by Hauser-Feshbach [2], Ericson [3],

Thomas (4], Grover [S5] and many others.

In principle, absorption of a complex pro~
jectile by a complex target means that, after a
while, nucleons from the projectile lose their pre-

vious collective and individual characteristics and

take on new characteristies in a single nuclear
potential. All the kinetic energy allowed by momen-—
tum conservation is distributed amongst all acces~
sible degrees of freedom. Therefore, it should be
rather easy to observe such a system resulting from
complete absorption. However the problem of time
scale for highly excited compound nuclei becomes
predominant. It is difficult to estimate very accu-
rately the life time of excited compound nuclei.
For low and medium excitation energies, and low
angular momenta, experimental measurements have
been performed with the help of a very beautiful
technique using the blocking effect in crystals [6].
A fairly good agreement between the results and the
previsions of the statistical theory was found, in
the life time range between 107!% and 107*% sec.
For higher energies, lifetime predictions can be
made according Ericson[3]'s formulation in the case
of neutron evaporation.
The life-time is the inverse of the neutron emissim
probability, and therefore is proportional to the
ratio of the level density in the compound nucleus
to the level density in the residual nucleus.
Table I indicates some estimates which I have made
under a classical model of spin dependent level
density formulation, ‘

Table I

Estimated life time for compound nuclei

A= 180, a= 22.5 MeV!

£X (Mev) J(f units) t(sec)
100 60 10_2
100 10 2.10 7,
50 60 10,0
50 10 3.10_7¢
30 60 107 o
30 10 10
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Neglecting the effect of angular momenta, Blann [7]
has estimated that at excitations greater than

100 MeV, for nuclei of A = 100, the life time is

of the order of the relaxation time assuming a
binary nucleon-nucleon energy transfer mechanism
(5 x 10—43 sec)

The time required for two A = 50 nuclei to pass

one nuclear diameter was estimated around 10722

sec.
During that short time, the two complex nuclei are
fusing. This implies that particle emission may

take place while this short fusion time, but before
equilibration. Such precompound decay has been esti-
mated by Blann for two systems : 12¢ 4 %lpr ana
“0ar + 19%Ag at various excitation energies.
Specially for the lightest projectile and the
highest excitation energy, a non negligible frac-
tion of the particles are coming out during the
short fusion period, but before equilibrium ;
although the number of nucleon—nucleon collisions
taking place is rather large. When more than ome
neutron or proton per nucleus is emitted in a fast
process, it means that there is never a complete
compound nucleus produced. Should we call however
such a phenomenon Complete Fusion ? My answer will
be yes, if one restricts the definition as follows :
Complete Fusion corresponds to interactions where

both partners are joined together for a time longer

than the collision time and make an intermsdiate

which decays into the final products without parti-

cular remembrance of the composition of the projec~

tile and target. Therefore, when one measures the
cross section for nuclei collected in the forward
direction, with masses a little smaller than the
sum (A1 + A2) of projectile + target, and with full

momentum transfer, it corresponds to 0., when

CF
fission can be neglected. If some particles are
emitted very shortly in a precompound stage, then

Or is larger than o and one might make a dis-

CN?
tinction between the two terms.

Another more serious difficulty arises when
the fission process competes in the de—excitation
of the compound nucleus. With light projectiles
such a competition becomes important only for very
heavy compound nuclei, because the orbital angular
momentum cannot be very great. But it is well known
that large orbital angular momenta are obtained
with heavy projectiles and then a great enhancement
of the fission process occurs. Consequently, com~
pound nucleus formation is never observed directly

as an amalgamation product, but two fragments are
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emitted shortly. However, there is in principle a
way in order to distinguish between two figsion
fragments issued from a compound nucleus and two
emitted partners resulting from an inelastic scat-
tering. It is based on the momentum conservation
law, and it has been proposed for the first time by
Sikkeland et al.[8]. In the bombardment of uranium
by oxygen ions, coincidences were counted on two
detectors located at correlated angles in the labo-
ratory corresponding to two fission fragments emit-—
ted at 180° in the system of the recoiling compound
nucleus. The width of the correlation is related

to the number of neutrons emitted by the fragment,
but a clear separation could be made from fission
events issued from an alpha particle stripping
reaction, since less momentum was transferred to

the uranium + alpha recoiling system.

However, there is a controversial-discussion
on this question, whether or not the observation of
a full momentum transfer is a valuable criterion
for transient compound nucleus formation. It has
been argued [9] that a "composite system" may dis-
integrate shortly into fission fragments without
passing the stage of a definite nucleus and then a
full transfer of momentum would have occurred
without a full thermodynamical equilibrium. How is
it possible to distinguish between such a preequili-

brium fission and a "true" fission ?

One of the proposed evidence for the exis -
tence of an intermediate stage in which a random
equilibrium has occurred is the angular distribution
symmetric around 90° and following in the centre
of mass system a law 1/sin®. It means that the
intermediate system has lived during at least one
rotational period, so that the probability for dis-
integration into two fragments per unit angle should
be a constant with regard to 0, the angle between
the beam direction and the fission axis. Halpern
and Strutinsky [10] and Halpern [11] have shown
that, when the angular momentum of the compound
nucleus J is much larger than its projection on the
axis of symmetry of the fissioning shape, the dis-
tribution W(O) approaches 1/sinb. Such a distribu-
tion should be observed for all, heavy and light,
fission fragments. Moreover, there is no special
reason to believe that the time for a complete
rotation is connected to the time necessary for a
full equilibration. Probably, equilibration for a

number of degrees of freedom occurs before a com-
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plete rotation.

My opinion is that, when mass and energy dis-—
tribution of fission fragments behave just like
those resulting from well established fission reac-~
tions, i.e. symmetric mass distribution, kinetic
energy corresponding to Coulomb repulsion at the
scission point, etc.., and when the 1/sin6 angular
distribution is observed over the entire mass and
Z distribution, one should consider the phenomenon
as passing through at least the stage of Complete

Fusion, if not fully equilibrated compound nucleus.

However we feel here the difficulty for making
very strict classes of phenomena. In a heavy ion,
"hard" collisions, after the target and projectile
touch, the nuclei remain in contact and strong dis~
sipative forces operate. The system has amalgamated
into a composite nucleus which might be compared to
the saddle shape along the fission path, although

the fusion path is generally distinct from the

fission path. Then the composite system might either

separate into two fragments with substantial mass
transfer and energy relaxation. This is the well
known deep inelastic collision or quasi-fission
process that shall be described by Galin [12]1 and
Moretto [13]. Or the system moves towards a less
deformed shape and statistical equilibrium occurs.
The well ordered energy has been dissipated totally
into many degrees of freedom. But if the nucleus is
heavy enough, the decay consists of fission frag-
ments. Different processes are sketched in figure 1
which is presented as a general introduction for

the three reports on complete fusion and DIC.

10.40%g

o
wot
l e

Fission
frogments

Quoasi. fission
fragments

20-100T

Fig. 1 - Schematic description of different
processes occurring for "hard" collisions
passing through a composite system. The
time scale is 1T = 10 42gec.
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Again, there is a problem of time-scale,
which can be reflected in the angular distribution
since all the system rotates. When initial condi-
tions are very asymmetric (light projectile, very
heavy target), quasi-~fission fragments exhibit a
mass distribution around the projectile and target
mass, although fission after complete fusion shows
a well known symmetric mass distribution. But when
one starts with a system close to symmetry, the
distinction becomes impossible. And indeed its
signification vanishes. The same intimate contact
of amalgamation, the same basic processes of large

local energy dissipation ocecur.

I have borrowed to L. Moretto and J. Sventek
[14] a very nice illustration (Fig.2) of that dis-

cussion.

620MeV *Kr + '"™Au
120 $:(tt) for t= 50, «= 5x10"sec”fm™
t r I i ] 13 1 1 t
~N
G
ol
c
®
=
[
2
b
4
205 \E:r
0 T = e T lean - “reasma
[} 10 20 30 40 50 80 k{} 80 2 100
t [1n units: of 10%sec]
Fig., 2 - Calculations according Moretto and

Sventek's diffusion model [14]. After a
delay of 50.10722sec symmetric division
into two equal mass fragments occur. Is
it "complete fusion" followed by fission
or quasi-fission after long relaxation
time ?

Applying their diffusion modelthey have calculated
for the initial system °®kr + '°7Au, the probabili-
ty distributions along the mass~asymmetry coordina-
te as a function of time. The continuous trend
between two quasi-fission fragments around Z = 79
and Z = 36, and two equal Z fraéments around Z=58
is shown. In that respect, should we call complete
fusion what occurs after 60.10"225ec, since it
happens to be roughly equal to one rotational
period for £ = 100 and, on the figure, do longer

times correspond to symmetric mass distribution ?
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2. Large complete fusion cross sections nearly equal

to the total reaction cross—section.

Interaction barrier for complete fusion.

2. 1 = Cross sections versus Energy
At low incident energies, and at least for
120ty 16 20y,

, “%aAr, and %%C1, and for targets lighter than

the following projectiles :
32g
%07 (2751, “*ri, S2Cr, S®Ni, °°Ni, °2Ni, 7“Ce,
77Se, and ?92r) the cross-section for complete
fusion is approaching the total reaction cross =

section.

The most recent measurements were made using a
A E-E telescope located in the forward direction.
This technique is able to assign masses of evapora-
tion residues and therefore to separate the com—
plete Fusion products from other reaction products,
as far as the fission process is negligible. This
is probably correct in the region of interest since
recently Bisplinghoff et al. [15] have measured
fission cross sections lower than 150mb for 35¢C1
induced reactions at energies up to 130 MEV (center
of mass). Most of the excitation functions for OCF
are similar to the typical one presented on figure 3
due to Scobel et al.[16]

1000

L !//J
Y

100

—————*0}(mH

Fig. 3 ~ Excitation functions for complete
fusion (evaporation residue) cross sections
for 35¢C1 induced reactions on two nickel
isotopes (After Scobel et al []6])
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A classical plotting of Ocp @S a function of ]/E
results in a straight line, and is justified by the

following consideration.

The problem of the interaction barrier for
complete fusion has been discussed and clarified
by Wong [17] and the meaning of the data extracted

from experimental results is given in figure 4.

cou €Q
\Veou  Rpgs

LY
.
LY

P

3 v,
v V.
NUC.
AV /_'é"couu. R
vhUC
Fig. 4 ~ Potential energy versus distance,

R, between two complex nuclei, Complete
fusion occurs only when Vpys 18 overcome.
AV is the nuclear potential at the dis-—

tance Rpyg where dV/dR = 0.
Cﬁ:l.Eq is the equivalent radius obtai-

ned applying a pure Coulomb repulsion.

The nuclear, Coulomb and total potentials for & =0
are drawn as a function of the internuclear separa-
tion distance. Going from the right to the left, at
the distance Rcoul, weak nuclear interactions should
begin to occur, and the Coulomb potential is not
yet decreased by the nuclear potential. Applying
the partial wave summation, one may express the

total reaction cross section

lmax
op = X2 T (21+1) Ty m
1=0

with the penetration factor T, approximated by the
transmission of an inverted parabola (Hill and
Wheeler) [18] _
B.-E -1
Ty = (vexp(2 ) @

where ha% is the curvature of the barrier for £ =0

and Be is the pure Coulomb barrier.
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Then R2 heo E-B,
% = Tz (reegd )
. B
is reduced to 2 [ T
- -£ 1200 i
or ﬂRcoul(1 =) )

when E - Be is larger than hg.

The fusion barrier corresponds to a stronger
interaction and to a smaller distance RFus' Let us
define this barrier V

Fus
(dV/dR = 0)

at the top of the poten-—

tial curve , at the distance R

Fus
where complete fusion can eventually take place.

Figure 4 illustrates that there are certainly

nuclear interactions between R and R in the
coul Fus

range where the nuclear potential VN is not equal
to zero. They do not lead to fusion phenomena,
since the attractive forces are not large enough.
However, it is not strictly correct to say that
o} =
cr T~ R
as R

. The reaction cross section Ogps 8 well

coul WAy be obtained by elastic scattering.

Coming back to 0., it may be expressed by the coun

CF
terpart of equation (4)
VFus
= 2 - ——
Ocr Rpus (1™ ) 3

if all fusion processes end up into complete fusion

The nuclear potential at the distance RFus

is written : 9
leze
VN(RFus) = VFus_ R. (6
Fus

The intersect of the curve Ocp = f(l/é) with

the ordinate should give FRZFUS and the distance
RFus’ as well as the intersect with the abscissa

gives VFus'

The most complete results have been obtained
by Scobel et al.[16] with ®°Cl ions and are plotted
on figure 5. The extracted distances for complete
fusion are slightly smaller indeed that the dis-
tances obtained from elastic scattering measure -

ments according to the quarter point (O 1/4)

determination :
. 1
Rsc_“x(]+ sin(l/291/4)) S0
2
where 1 is the Sommerfeld parameter %%EEE_
v

N COMPLETE FUSION
OF %l WiTH

L
000
] | \1 o L83

E \\\\\ °6?N|
- 907¢
1

\
200 <}§\“ i\x\ X_ \

Fig. 5 -
versus 1/E for
(After Scobel et al

.
2
z

=
&
=]

—

Complete fusion cross sections
Ccl indgced reactions.
L16] ).

As an example in the reaction °°®Ni + 3%c1, RSC =
11.03 fm, while RFus = 9,0 fm. If one expresses the
distances R as a function of a classical parameter

r = (R,Rgs) , then Toe varies slightly between 1.58
4 2

for *%Cl + 27A1 and 1.50 for °%cl + !'?%gn, while

T, Changes much more drastically from 1.34 for
35¢1 + 5%Fe down to 1.20 for °°cl + ''®sn.

The missing part : (o, - UCF) is of the order of

25 % of Op» 2 conclugion which contradicts the
first asumption made by Gutbrod et al. [19] that
the measurement of OCF could be taken as a determi-
nation of Og - The difference is assumed to go into

inelastic and direct tramnsfer reactions.

An interesting point ig the threshold energy
for both complete fusion and total reaction cross
section. In other words, what are the first chan-
nels open when the Coulomb barrier is overcome ?
There are not many precise results comparing the
thresholds of quasi-elastic transfer reactions and
complete fusion. First of all, when VFus and Bcoul

are very close because the nuclear potential is

shallow at RF , then
us = 9

o =( usg Z(E Vius -_#(EFus)

CF/oR RCou E—Bc Rcoul
and both thresholds are at the same value.

(8)

But for heavier systems where (VF - BC = AV) is
significantly large, one should find a difference
between the two thresholds, although the ratio
OCF/OR should become smaller than (BFus / RCouﬁz
at higher energies. This has been observed indeed

for the systems 12¢ 152Sm, 180 + 15%Nd  and
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185 + 1839 studied by Ishihara et al.[20]. Also, a
gap of around 10 MEV has been observed [21] in the
interaction N + 209Bi, between | proton transfer
leading to *!%Po and complete fusion leading to an

evaporation residue issued from 2'°Th.
0

2.2. Expression of the barrier for complete

fusion.

Coming back now to relation [ 51, the extrac-
tion of experimental values of VFus has been com-—
pared with calculated potentials

2
Z]ZZe

V(Rl?us)z R + ‘&uc (RFus)
Fus

(9a)

For example, the energy density formalism has been
applied by Ngb et al. {22] to calculate the nuclear
potential VN(R) in the sudden approximation making
use of nuclear density distributions taken from
Hartree~Fock Calculations. It contains no additional

parameters. V. is obtained by applying

Fus

av, av
(ERE,I@RNS _ _(_aicoul) o, (9b)

= 1/3,,1/3
From R , the parameter rj Rpus/ (4 *A,")

has been deduced. It decreases monotonically when
Z1Z2 increases, since the nuclear contribution has
to be larger in order to compensate the Coulomb

repulsion. In figure 6, are shown Ngo's calculated

values [22] for r as a function of ZIZZ/(A1+A2)

fus
and also experimental points deduced from Scobel
et al. recent data [16].

Although the agreement with experimental data was
fairly good in the case of Ar, S, Cu and Kr projec—
tiles, there are discrepencies with Cl induced
fusion cross sections and also the variation from

one isotope to the other is not reproduced.

The model of Krappe and Nix [23] is based on the
liquide drop model with an improvement to account
for the finite range of nuclear interaction. There
are three parameters, the range a, of the nuclear
potential, adjusted to 1.4 fm, the equivalent sharp
radius parameter, adjusted to 1.16 fm and a distance
d between equivalent sharp surfaces, which describes
the overlap fo the two nuclear matter densities and

therefore d decreases when atomic number increases.
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1.5 T T
\
Y
b4
z \,
- 14T 7
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- v,
27 i
AI.‘fs .
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L3 “rig T
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s, ® @"z N .
2gg \\\\,
a Kr e \ch'\
A S 4
.2 z Sl’ o°" 1
» Cu
a Sn
¢ C,N
11— L .
e 100 200 300
Z, Zp
Fig. 6 - Plot of rp,g (calculated by Ngb et

al [22], versus (212,/8,/°+A3/3). The full
curve represents the average behavior. Dark
points are deduced from Scobel et al’s ex—
perimental cross sections L16].

The fusion barrier is written
2
leze
Yrud ] PRLEINIE
0] 2
In order to fit the experimental values of

(10)

Scobel et al, d was adjusted between 1.6 fm for
%5¢1 + ?7A1 and 0.75 fm for °°ct + '**sn.

This indicates that the nuclear density overlap at
the fusion point slowly increases with increasing
mass number. It is about 0.5 units of the satura-

tion density for 27Al and 0.27 units for ''®sn.

2.3. Unexpected excitation functions.

Oscillations in ¢ = f (BE)

CF
Before to finish with this section, I should

like to come back on the monotonic raise of excita-
tion functions shown in figure 4 which I have quoted
as a typical example. An another beautiful example
is presented at this Conference by Eyal [24]1, for
126 + 130, where C.F. cross section has been mea-
sured with an interesting technique based on the
evaporated neutron counting (see also Eyal et al.

[25D.
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Nevertheless, there are a number of cases [26,271,
namely '%0 + 12C, and }2C + 20, where the excita-
tion functions for complete fusion exhibit oscilla-
tions shown in figure 7, while (‘%0 + !2¢) ,

(IQF + 12C) and (1"N + 12C) have structureless
curves. Therefore the oscillations cannot be attri-
bued to some enhancements in GR for each successive
resonating partial wave. The origin of this unex -
pected feature is not well explained. In the case
of 2c + 12¢, one of the main de-excitation channel
in the decay of the Compound Nucleus 2*Mg ends into
1%0. The excitation function for A = 16 follows the

same oscillations as the total CF cross section [26]

T )

T ’ T v T

L | L lJ

0.2l ; ] i i
0.02 0.04 006 _|008 Q.10
i/Ec.m_ {MeV )
Fig. 7 - a) Excitation function for complete

fusion in the systems (180+12¢) (After ref.
27). At low energies, ogp versus 1/E fol-
lows a straight as predicted by equation(5}.
At higher energies the critical distance
for complete fusion rules the cross section
calculation according equation (13), with

Ver = —14 MeV and Fop = 1.01 fm.

b) Excitation function in the system
(180+12C) where oscillations are shown (ref
27) . The curve I was calculated according
Glas and Mosel's model [371.

A possible explanation might be that Yrast states
are reached irregularly when the excitation energy
is increased so that the properties of these Yrast
states may induce fluctuation -~ like structures,

appearing mainly in nuclei like 2%Mg and 2%8i, as

sketched in figure 8, and not in 3°Si or 2%A1. It is

understandable that when the excitation energy is
high enough to reach a bunch of Yrast states, there
is an enhancement of the cross section. However, a
further increase of E diminishes 9w because,

although there are more partial waves involved in

g

M. LEFORT

R the highest 2 values which should participate
to the cross section as (2%+1), do not contribute

to ¢ since there are yet no new bunch of states

CF’
available in the compound system. This is a very
interesting open question and I am sure it will be

discussed at this Conference.

} s @ e, ¢ — 4 S— v — ——-

By
2_ _________________

Armm e meen N

—
3
g

Fig. 8 — Schematic illustration of the effect
of irregularities in the Yrast line on the
variation of the complete fusion cross sec—
tion versus excitation energy E* (See text).

3. Limitations for Complete Fusion in light and

medium nuclei. The concept of "critical distance"

3.1 - Results on Evaporation Residue Cross =
Sections -

The preceding results, where ¢ approaches ¢

CF R?
have been obtained only in certain particular condi=-
tions and do not represent at all the general fea-
ture of heavy ion reactions. The experimental obser
vation that the evaporation residue cross section

= + .
Opg @8 well as © Opp * Tgigqr WS much smaller,

F
has suggested, og the basis of partial wave summa-
tion, that there is a maximum orbital angular momen~
tum in the entrance channel beyond which compound
nucleus formation is inhibited [28}. A minimum mass
overlap, corresponding to a minimum impact parameter
should be reached before complete fusion occurs.

The subject has been discussed at many occasions
and I shall refer to the numerous reviews on the
subject [29-30-31]. Also, a compilation of available

O values is given in a recent reporxt [32].
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For most of the data obtained with '2¢, !*N,
160, 2%, 325 and 3501 projectiles on light and
medium mass targets, the fission cross section was

small or negligeable, so that o,  is equivalent to

ER

UCF.

In this report, we shall focuse mainly on more
recent results and show that, except for perhaps
one or two special cases, the nature of the limita—
tion can be understood in term of the critical dis—
tance concept [33] , as described either by the
Bass' model [34] or by the energy demsity nuclear

potential calculations made by Ngo et al [22-35].

3.2 - Critical distance for complete fusion -

Let us only remind that the complete fusion
cross section is related to the critical angular
momentum by the relation

OCF=nXZ(lCr+I)2 an
expressing the summation of partial waves up to a
limiting value 2c£ﬁ. The first statement we make is
that, for a given system, there is a linear depen-—
dence between Qir and the kinetic energy in the

entrance channel, as shown in figure 9.
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E (MeV)
Fig. 9 - Plot ofsgCF/TTk2 versus _energy for
{gactions C+°°Ni (@, 2e4 8y (@ and

0+27p1 (@) . The straight lines correspond
to expression (11) in the text. (Ref.[32].
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In 1974, at the Heidelberg Conference [36], I have
shown that one can associate a distance at the con-—
tact point for fusion, Rcr’ to the corresponding
impact parameter bcr and one deduces, exactly as
for the total reaction cross section,

b2 uE = £ 12 8% = RY n(EV_) (12)
where U is the reduced mass, and Vcr is the poten—
tial at the distance Rcr' Hence, the cross section
for complete fusion is equal to

Ogp=Tb2 =TR2 (1-1°T) (13)

E

Such a formulation has been proposed at the same
time by Glas and Mosel [37], who have shown that'it
corresponds to the asymptotic form at high energies
a more general expression. On the low energy side,

one obtains expression [&4] GR = TR? (1 - Eg;).

coul

With the help of expression [13], one can deduce

from a plot of experimental values of © versus

CF
1/E, the critical radius Rcr and the critical poten-
tial Vcr' These values may be compared with theore-
tical calculations for the potential at the distan-

ce where complete fusion occurs.

Let us now describe very briefly basic ideas for
the theoretical estimations. The problem is to re-—
late the repulsive effect of the angular momentum
as expressed in the centrifugal potential to the
distance between the two centers at which it oper-—
ates. The possibility for a large number of intrin-
sic excitations ending up into a compound nucleus
formation depends on two conflicting tendencies :
attractien by nuclear forces which are more and
more efficient when the distance diminishes ;
centrifugal forces which prevent the two nuclei to
fuse into a single composite system and to move
towards a spherical shape. A schematical one dimen-—
sional representation which might nevertheless be
useful is to consider a potential energy as a func-—
tion of the distance between the two centers like
in molecular physics, and to keep all degrees of
freedom frozen, except the relative motion. The
potential energy reserves the structure of each
nucleus during the contact. Such a'sudden approxi-
mation" has received a justification by Seglie et
al.[38], based on the existence of a strong fric -
tion in the entrance channel. Of course, when the
critical distance, i.e., a sufficient overlap of
nuclear densities, is reached, one should unfreeze
othef degrees of freedom and abandon the two body

potential in order to proceed to an attractive
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potential well representing the compound nucleus.

At the "point of no return'", the two nuclei stick

together due to the loss of energy large enough to
establish a common nuclear structure.

The Coulomb potential for r < R; + R; is calculated

according 2 2 2
302 [ (B1¥2)) 2y 4 n
v ——; - )" kr (14)
3
(R]+R2) R1 R2
where k and n are adjusted in order to fit
2
\Y) =-§i§33— for r = R1 + Ry
r
2
The centrifugal potential is taken as “S&il)fi ,
2 ur?

but the moment of inertia should be changed into
a larger value than ur? at the sticking point when

the entire system rotates.

The nuclear potential was calculated first by Galin
et al. {33] using the energy density formalism.
More sophistacated calculations were made by Ngb
[22] using Hartree-Foch BCS densities. Ngd et al.
[35] have shown that they can write the potential
as the product of a "universal function" and of a
geometrical factor, connected with the proximity

theorem of Randrup, Swiatecki and Tsang [39].

The critical potential Vcr is obtained for

£ =0, from V(R) = VCoul + VN

From the analysts of a great number of experimental

at the distance R __.
cr

results, a critical radius parameter

/3, .1/3
p Ay )

Tor = Rep/(A 2

was deduced and was found equal to 1 : 0.07 fm.

An interesting observation is that at such a dis-

tance, the potential V(R) = Vcoul + VN for £ =0

shows pearly always its minimum'value, so that
4

vV, = V(

or might be directly extracted when

RCI‘)

oo

iR as shown on figure 10.

LEFORT

T T T
12
Cu+ C
150 fo— N B 1
>
L4
=
>
OO 1
60
L 50
50 F 8
40
- 30
20
0
o r Nuclear R
-50 |
5 Rer 10 15
d g, (fm)
Fig. 10 - Calculated ggtential energy curves

for the system (Ni+ “C) at various %h va-
lues (ref. D3J. Experimental critical %
values were obtained at_various energies
by Namboodiri et al [41 . The critiecal
potential is shown, close to the bottom of
the nuclear potential, at R,y = (lezlA%
+A, ), i.e. for Top = 1 fm.

Ngd [40] has found that VCr and the product Z1Z»
are related empirically by a nearly linear expres-—
sion that may be very useful.

For LT 1.0 fm, and Z,Z, < 1000

v

or (0.124275 Z1Z> - 17.6) MEV

and for Z,Z, > 1000, Vcr = (0.11705 Z3Z,- 6.9) MEV

“The model of Bass [34] is the simplest analytical
expression of a series of one dimensional models
formulated for spherical nuclei based on the liquid
drop concept. He has used a nuclear potential

inspired by the Krappﬁ/%?% ix's approach [23],

3
asAl A2 d
RIZ
where Ry2 is the characteristic distance for fusion

-R
VR = exp (1B (15)

between the two centers analogous to the critical
distance R . It is taken as r _ (A1 + Az )
cr er
with ro, = 1.07 fm, Ri12 is essentially equal to
the sum of the half density radii.
2 2
Then ch (or Ocy /mA%)

is obtained by solving the equation
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o ozzed 12nt a al/34)a
E == + crz -3 (16)
12 2k, R,

(where d the diffuseness parameter is equal to

1.35 fm and ag, the surface energy constant=17 MEV)

In this concept, the two densities are allowed to
undergo gradual deformation. Although it is not com-
pletely an adiabatic process, it differs from the
energy density formalism by rearrangement effects

as the two nuclei overlap and then there is a deeper
potential Well.

According to Bass, complete fusion should not be
possible when %% stays always negative, i.e., when
the potential at Riz cesses to be attractive. This
occurs when the centrifugal potential is too high

precisely at an energy given by :

/
Z.7 e2 1 a A1/3A1/3 Z.Z ez a dAl‘3AI/3
= 172 st 72 172 sl 2 ap
E at * ~2( - )= ¢
s
Ry f 2 2R12 Ry

The factor f comes from the asumption that the

angular momentum decreases at the point of contact
in a model of Complete Sticking and rigid rotation
as a whole. Then, applying Huygens theorem for the

moment of inertia,

A R2 A R2
1. 1+ 2 ( 171 + 272 )
I

depends on the mass ratio AlfAz and 1s equal to

(18)

7/4 for equal masses.
In this model lzr increases linearly with the emer-
gy up to a saturation value at which it becomes

constant.

Such a restriction does not apply to the critical
distance and critical potential model. In such model
there is no necessity for a well in the potential
curve for complete fusion, since it is based on a
sudden approximation hypothesis. The only criterium
to be fulfilled is that the intersect between the
kinetic energy line and the potential curve at a
given % value, should occur at a distance closer
than Rcr' If so, a fusion zone is reached where the
two body description should be abandonned and there
is an irreversible drift towards a single potential
well.

Both models fit remarkabely well the experimen-—
tal results on Ocr
exceed the saturation value calculated by Bass.

as far as the energy does not

This is shown in figure 11 extracted from a recent
publication of Namboodiri et al.[41], where Bass's
calculations and a number of experimental data are

compared.
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Fig. 11 - Comparison of experimental and

calculated critical & values made by
Namboodiri et al [41]. Calculations are
made according Bass' model [34] with
"saturation".

Stars correspond to the critical distance's
model [33} calculation at the highest ener~
gies (see text).

éstﬁrisks are the new data by Scobel et al
[16].

A number of new points have been added, mainly on
27A1, 35c1 + “®ri, %Sc1 + S%nNi,

35¢1 + 9°Zr, 85¢c1 + 118gn and 3°C1 + !2%gn recently

the systems 35¢1 +

studied by Scobel et al. [16] at energies high
enough to induce a strong difference between Ocp
and ©

R -
The treatment of the same systems by the critical
distance of approach and a correct determin .ation
of VCr gives an even better agreement, as it has

been shown in a recent report [32] for most of the
available data, and as it appears in the following

table for the °°Cl induced reactionms.

Table II
Target | Energy OCF(mb) Vcr(MeV> Ocate =
com. (MeV) | gpypis | at 1 fm TR, g;ycr)
E
27A1 69.4 1140 9.9 1030
2751 73.8 1200 9.9 1065
By 92.2 1080 28.9 1030
56pe 98.1 964, 37.3 980
58Ni 87.1 781 41.6 830
S2yj 108. 4 1091 41.6 1010
S0zy 118.4 850 66.9 820
1166, 130.1 560 88.0 650
12kgy 132.3 632 88.0 700
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Recently, Namboodiri et al. [41] have made experi-
ments with 262 MEV nitrogen ions on 27p1, Ge and
Ni target nuclei. Energies in the center of mass
exceed the saturation value of the Bass model
expressed in [17]. Complete fusion cross section
measurements indicate that the predicted satura-
tion angular momenta are exceeded and therefore

Lexp

the ratio of limiting values becomes higher

Leale
than 1, as shown on figure 12,

ﬁ2 umts

109

12 - Plot of o/mx? =

Qgr in_fl2 units
versus center of mass energy, E. Squares :
experimental results for 12c+83cu.

Fig.

Circles : experiments for lYN+Ni.
Calculated values are indicated for
three models : Bass [34], Ng& [40], and
ALICE code [42]. Notice the saturation
effect in Bass' model is not followed.

The authors have admitted that above the satu-
ration energy, the limiting angular momentum may
be calculated whithout taking account of the satu-
ration and then there is a good fit with experimen-
tal data. However such a procedure is not entirely
justified in the frame of a liquid drop model where
the fusion conditions should indeed be conmected
with a potential well.

On the contrary, the energy density model still.
shows an excellent agreement with the new experimen-
tal data. The difference at high energy between the
previsions of both model is shown on figure 12 which
has been drawn for l2¢ + 63Cu and "N + S8Ni, two
systems that present nearly the same calculated

features.

Another aspect which is raised by these new
results [41] from Natowitz's group is the comparison
with the calculations of Plasil and Blann [42]

based on the angular momentum dependent fission

M. LEFORT

barriers of a rotating liquid drop. I shall discuss
later on a bit more the conclusions of this concept
and of its incorporation into the evaporation code
ALICE. Let us remind for the moment that, starting
with the computation of Cohen Plasil and Swiatecki

[43] on the lowering of fission barriers B, by the

f
centrifugal effect, Blann and Plasil admit that
when Bf(J) disappears, the corresponding angular
momentum is the critical value in the entrance

channel.

Namboodiri et al. have shown that the production of
non-fissioning compound nuclei corresponds to angu-
lar momenta which exceed the critical limit using
the liquid drop model. Furthermore, although the
ALICE code predicts large cross sections for symme-
tric fission, they were not observed. Thetrefore, the
Bf(J) = 0 concept does not appear to provide an
appropriate description of the mechanism limiting
OER at least in compound systems lighter than ’2Br.
Expressions [4] and [13] are the two asymptotic

forms of a more general expression of o F connect—

C
ed with two distances for fusiomn, the first one
close to the barrier RFus where the difference
CF and OR
nuclear matter, and the second due to dynamical

1.0 (Ah+ AS3)fm.

between O is only due to the tail of

effects and expresssed as Rcr =

Therefore, the presentation of G, versus /g

CF
should exhibit two straight lines. This is illus-—

trated very nicely in three figures.

For light systems, the first of these figures (fig.7)
has already be showned [27] for (!2¢c + !%0).

A second one is due to Lee et al. [44] for the

(fig. 13).

The third one illustrates [45] a much heavier

(fig. 14).

system vy o+ 12¢

system (*%Ar + 2lgb)

Giys (Mb)

Fig. 13 - Plot of ocp versus 1/E for the
system 14N+12¢, by Lee et al [44]. Expe~
rimental points at low energies are due
to Volant et al [46].
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G (mb)
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Fig. 14 - Plot of oy versus 1/E for the
system “0Ar+1218h. by Gauvin et al [45].
o, corresponds to complete fusion without
critical value limitation., V; is the po-
tential at dV/dR = O for & = O. o, cor-—
responds to expression (13) and V_,. = 90
MeV and ro, = 0.98 fm.

Vcr and Rcr could be extracted and were compared to
Ngo's calculated values in table III. The agreement
was good for Argon induced reactions and also for
the system 120 4 18, Although the system (12¢+1%W)
should indicate a negative VCr because of the low
Coulomb potential, the experimental curve gives

VCr = 0, and the critical radius is also much
higher than expected. This is an unexplained dis-
agreement, although one may suggest, as it has been
done by Volant et al. [46] that the limit is, for
that particular case, not ruled by the entrance
channel dynamics, but is given by the compound

nucleus 2°Al Yrast levels.

Table IIL

Comparison of experimental and calculated VCr

System Vcr(MeV) rcr(fno Vcrocalc

at 1 fm

1204180 - 14 1.01 - 11.6
“O0pp4iilgy + 90 0.98 + 96
120 4 Ly 0 1.2 - 12.4

Concerning this last point, it has been demon-—
strated many times that for medium and heavy nuclei
the limitation is not due to the properties of the
compound nucleus, mainly to the existence of Yrast
132313' Crucial experiments have shown [47] that
making the same compound nucleus at the same exci-

tation energy but through different combinations
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does not give the same critical angular momentum.
However, for light systems like 2"Mg, this might

not be entirely true. In that respect, one should
also mention a new result [48] obtained by comparing
the systems (%0 + ®3Cu) and (3%g + %53¢) which lead
to the same ’°Rb compound nucleus, indicating that,
in a range of energies well above the interaction
barrier, one can deduce from excitation functions
the same critical angular momentum. However the way
the results have been extracted was not the measure-—
ment of complete fusion cross sections, and it is
worthwhile to spent some time on this interesting

method and to discuss its validity.

3.3. Determination of 1crﬁ from the shape of
excitation functions for final residual
nuclei. Spin dependent evaporation calcu~

lations.

The fact that heavy ions introduce large angu~
lar momenta in the compound nuclei has a profound
effect on excitation functions. If one considers a
reaction in which x particles are emitted, for
example 4 neutrons, the corresponding final residual
nucleus is produced in a certain range of excitation
energies. The very large angular momentum population
broadens the range for a given excitation function.
If the compound nucleus shares a large angular mo-
mentum, an important fraction of the energy is
dissipated by gamma rays, particularly when the
Yrast line region is attained. Therefore a given
excitation energy will "evaporate' a smaller number
of particles than for a low angular momentum com-
pound nucleus. Moreover, the emitted particles have
a broader kinetic energy spectrum, and then a larger
average kinetic energy, and the result will reduce
the number of emitted particules for a given exci~-
tation energy. The excitation function for a given
product is a sum of excitation functions for forma-
tion of this product from compound nuclei of diffe~
rent angular momenta. Since in principle, all the
angular momentum population exists from J = 0 until
some maximum limit, the threshold of the excitation
function is at the same energy as for reactioms
induced by light particles. But the maximum cross
section is shifted at higher energy. Such an effect
has been calculated quantitatively by Kammuri etal.
[49] in 1963 ; in a comparison of the reactions

62
55Culp,3n) @ Zn and 3'v(1*N,3n) Zn which pro-
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ceed nearly through the same compound nucleus
(GSZn or %%Zn). The maximum cross section is

10 MeV higher for the "N induced reaction than
for the p induced reaction. Most experiments have
shown such results in accord with these expecta—
tions. For neutron-evaporation reactions induced
by protons and alpha particles, the excitation
functions have a full width at half-maximum of the
order of 10-15 MeV. There are many examples of that
number and a few of them are quoted here in the
region of medium masses. The reaction '®°Tm(p,3n)
has an excitation function [50] with FWHM = 10 MeV.
For the reaction 133Cs(p,3n) 131Ba, the excitation
function [51] has a FWHM of 12 MeV ; while reactions
induced by "N, %0, 2°Ne and *%Ar in the same
region compound nuclei produce FWHM values between

20 and 45 MeV, as shown on figure 15.
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E” (MeV)
Fig. 15 - Excitation functions for 5 neutrons

emitted by a compound nucleus 158, produced
by proton, 0 and Ar projectiles. Experi-
mental points are shown for the (“OAr 5n)
reaction.,

The idea that a quantitative analysis of the width
and particularly a good reproduction of the slope
on the high energy side of the excitation function
could be used in order to estimate the J population,
was first introduced in 1974 at the Enrico Fermi
School [52] . Figure 16 extracted from these lectures
shows an example of reproduction of experimental
points by imposing mftmper limit for the reaction
118Sn(Ar,Sn)lsaE'r. The first attempt was based on
the crude asumption that the excitation energy may
be divided into gntrinsic and rotational energies,

and the rotational energy evaluated as

J? §?
23

MO

rig
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is assumed to be unavailable for particle emission.

Then the level density:

E%,3) = pE* - __ () )

and the classical statistical evaporation theory
can be applied. Since that first trial, a more
sophisticated code has become available, made by
Blann and Plasil [42] and named ALICE. This code is
very widely used for predicting evaporation residue

cross sections and is indeed extremely useful for

crude estimations.

However, it should be recalled that expressing the
level density for states of spin J at excitation
energy E* as the level density for all states at

an excitation energy lowered by the quantity

J% h?y 23rig comes from a number of crude approxi-
mations

i) a Gaussian distribution of angular momentum pro-
jections,

ii) the Fermigas model,

iii) and an expansion to the first order of exponcu-

tial terms in the expression of e (E*,J).
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Fig. 16 - Calculation of tge excitation func-—
tion for the reaction Sn(Ar,5n) @
() without spin ,(Z) with J population up
to Jh = 2K with a critical value
J = 50, an? ﬁg) with J., varying from 72
to 80 ([52,76])
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For a number of nuclei, the level density on the
right gide of the well known plane (E¥#,J), in the
vicinity of the Yrast line, might be quite diffe-
rent from the level density on the left side,close
to J = 0, even at lower E¥ values. This is well
demonstrated by a more elaborated calculation made
by Fleury et al. [53] with a correct evaluation of

level densities for some particular nuclei.

Figure 17 taken from these authors shows very
clearly that o emission is the main decay process
from '%%Pt excited at 60 MeV with 60 < J < 70,
while at E¥ = 30 MeV and J = 0 (E¥ - E__ (J=60)),
neutron emission dominates entirely. On the contra-
ry, the method might be applicable to a nucleus
like !!%Te where neutron emission dominates over
all the J population at excitation energies higher
than 30 MeV.
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Fig. 17 - Contour plots in the plane g*
versus Jﬁ, for the compound nuclei 1 8Pt,
9%pd and !13Te, according to calculations
made by Delagrange et al ﬁBI:a) Life time,
b), ¢) and d) probabilities higher than 0.5
for emission of neutrons, protons, & parti-
cles and y radiation.

Another point in the Alice code is related to
.the use of the rotating liquid drop fission barrier,
for estimating the limiting value of the complete
fusion cross section, but we shall discuss it later

on.

Wow, coming back to the analysis of an excita—
tion function for a residual nucleus produced after
only neutron emission, we want to stress that the

limiting value of J deduced from the application of
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the code Alice might not represent the actual criti-
cal wvalue for complete fusion . Taking the example
of ®*Pd in Pleury's picture, it would correspond
only to that range of J where neutron and proton
emission dominates, while compound nuclei with
higher J decay exclusively after o decay and resi-
dual nuclei for that zone are at least 2 Z units
lower than the compound system (or 4 Z units lower
if two o are emitted in cascade). Therefore one
should be very cautious about the conclusions, if
only one category of excitation functions have bheen
studied, as it has been the case for the system
7°Rb, by Langevin et al.[48]. On the other hand,
the excitation function is very sensitive to the
limiting J value, and the method is indeed more
precise that cross section measurements, as shown

on figure 18. Then it is a very useful one,

Eom (MeV)
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Fig. 18 - Determinations of 2., values on the
systems 348+%53¢c by Langevin et al [48] .
Excitation functions correspond to the
following excitation channels : a) 2pn
and 2np, b) 2p,np and 2n, c) on and 2p3n,

d) 3np, 2p2n and 3pn. The lines coxrrespond
to the code ALICE (solid lines — all partial
waves, dashed lines - indicated ., values),

The best would be to check that the limit is the

same for (HI,xn) and for (HI, axn) excitation func~
tions, or to verify that the total evaporation resi-
due cross section is in agreement with zcr deduced
from excitation functions. In my opinion, there is
no special reason for the moment to believe that

o particles are emitted [48] in a direct process

before complete fusion of **S and QSSc, and evacuate
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a certain amount of angular momentum in order to
leave a nucleus with a lower J value, as far as the
decreasing branch of an (HI,oxn) reaction has not

been yet analysed.

4. Limitation to Complete fusion for heavy and

very heavy nuclei. Is there a distinction

between fission after complete fusion and pre—

equilibrium fission or quasi-fission ?

When we move to composite systems above the
rare earth region, and to massive projectiles bring
ing large orbital angular momenta, fission process
becomes indeed an important contributor to the de-
cay of a rotating compound nucleus. Then the cross
section for evaporation residues decreases very
rapidly as the product Z3iZ, increases. In order to
obtain ¢

one should measure both ¢ and O

CF’ ER fiss”
One difficulty is to define specifically fission
events coming from a truly excited compound nucleus
and we have already mentioned thisproblem in the
introduction.

As a matter of fact, the evaporation residue
cross section diminishes in the benefit of two pro-
cesses, the first being fission competition in the
de-excitation of the compound nucleus, the second
being Deep inelastic or quasi—fission phenomena
which involve a large proportion of incident £ waves
when both energy and orbital angular momenta in-

crease. Let us present, in figure 19, some recent
Z1Z2

Ar+Ap

results as a function of which is similar to

the fissility parameter Z2 .
A

19 ~

Fig. Cross section for evaporation resi-
dues as a function of the parameter Z,Z,/
(A;*A,) in argon induced reactions on Ni,
Sb, Ag and Dy L45], copper induced reac—
tions on Ni and Ag, chromium on irom [54],

and krypton on Cu, Zr and Ag {55{.
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They have been obtained at different center of mass
bombarding energies and the comparison is not enti-
rely satisfying. However, figure 20, due to Gauvin
et al. [54] shows' that the cross section is no very
dependent on energy, although OER / GR decreases
rather drastically, as one should expect if the
highest % waves contribute to other processes than

compound nucleus formation.

T T T T
G {calc)
Sb + Ar
)
£
1500 A
L
1000 | \%\ 4
~
-
T~ B0
500+ } N
Ggg (calc)
o ~ | L ] 1
150" 200 250 300 350
Egp (MeV)
Fig. 20 - C(Cross sections for evaporation resi-

dues in the reaction (“%Ar+Sb). ~

Dark points : experimental results [45].
Open circles : Ogp = Opp*Ofigs-

ogg calculated has been obtained with the
ALICE code.

The dashed curve with Bg = O is the calcula-—
ted ocp using the rotating liquid drop fis-—
sion barrier as a limit for 2.4,

4,1 - Fission reactions induced by heavy ions

in the mass region 100-200.

There is a general agreement that all fission
fragments obsexrved in carbon or oxygen induced re-
actions on targets in the rare earth region origi-
nate from the fission of de-exciting compound nuclei.

The fission cross sections in that region is a
relatively small fraction of the total reaction
cross section and angular correlation experiments
have shown that full momentum transfer has occured.
In addition, fragment kinetic energies (Viola and
Sikkeland [56]) (Plasil et al [57]) and mass distri-
butions have been measured and interpreted in term
of the de-excitation process of fully equilibrated
compound nuclei. Furthermore, angular distributions
measured for fissions of rare earth compound nuclei
behave like 1/sinB in the center of mass system,
indicating that the composite system has survived

sufficiently long to undergo one or more full rota-
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tions (Gordon et al [58]) (Zebelman et al [47]).
The 1/sinB shape can be qualitatively understood if
one reminds that when the deformation leading to
fission occurs along an axis in the rotational plane
the dumbbell configuration rotates about a perpen-—
dicular axis and splitting is highly favoured. By
integrating differential cross sections over the
1/sin6 angular distribution, cross sections for
heavy ion induced fission have been obtained. For
example, Sikkeland [50] found that, in the reaction

22
Ne + 1ngb, the compound nucleus !%!

Re has a pro—
bability for fissionning of only 2.1073 at an exci-
tation energy of 60 MeV while it increases until
nearly 80 7 at 120 MeV. More recently, Zebelman et
al [47] have found a fission cross section of around
100 mb in the reaction (*°Ne + !59Nd) at 107 MeV of
excitation energy while for the same compound nu-
cleus !7%%b, at the same excitation energy, the

reaction '?C + 15°

Gd yields only a few mb of fission,
The effect of angular momentum on the fission proba-
bility has been extensively described by Plasil at
the Nashville Conference [9]. Let us remind that the
competition between neutron emission and fission can
be exprassed crudely as

Sa —BfB)

T

T n/pg= C exp(= (19)

where Sn is the neutron binding energy, T the nu-
clear temperature and BfR the rotating liquid drop
barrier defined as

Bep = Be ~

is the fission barrier, ERO - ERS

(ERo - ERs)

where Bf

the dif-
ference in rotational energies in the spherical

form E o and at the saddle point E

R Rs*

For very heavy targets (A > 200), the totality
of the compound nuclei undergoes fission, since Bf

is already lower than 15 MeV and B__ can easily

fR
decrease at a value lower than Sn’ even for medium
% values. Therefore, the complete fusion cross sec-—
tion should be very close to the fission cross sec—

tion and Sikkeland has proposed to obtain O__ by the

measurement of the fission fragment cross ssztion

in the case of '°0 + %%%y and 2°Ne + 2%%U. The first
care that should be taken is of course to insure
that fission fragments are not originated from an
excited nucleus in the vicinity of uranium issued
from a transfer reaction. This has been checked
(Sikkeland et al. [8]) by fixing one detector and

varying the angle of a second detector. Counting the
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fragments in coincidences, a peak was obtained at a
kinematic angle that corresponds to full momentum
transfer. A second peak or a shoulder was observed
in the angular correlation, consistent with momen-
tum transferred by “He ions. It was assumed that
the main peak was due to the fission of the com-
pound nucleus. In the reaction 20e + 238y, the
composite system was 2°%No, and it has been argued
that all degrees of freedom were perhaps not entire-
ly equilibrated before fission took place. However,
it seems very difficult to distinguish a pre-equi-
librium fission from a compound nucleus fission.

If the composite nucleus has time to equilibrate

in all degrees of freedom that determine charge and
mass distributions an intrinsic excitation energy,
then we should observe all the characteristics of
normal fission. As a matter of- fact, there is pro-
bably a continuous transition between direct
"fission" where masses are not yet equilibrated and
where the mass distribution is still keeping the
memory of the entrance channel, and a totally equi-
librated phenomenon where all degrees of freedom
have been involved in the statistical equilibration
process. For the moment, as far as angular momenta
ar lower than 100 ﬁ, and compound nuclei are known
to be bound, it seems reasonable to believe that
complete fusion cross sections have been correctly
measured up to compound nuclei like 258N0.Table IV
gives cross sections and the deduced lcr values,

when fission cross sections are included.

4.2, Distinction between fission after complete
fusion and "direct fission" induced by

medium mass projectiles.

For argon induced reactions, large orbital
angular momenta are obtained even at moderate kine-

tic energies and B is so much lowered that the

fR

fission cross section is not negligeable as it was
shown [60] in the reaction (Ar + Sb). For systems
having mass numbers less than about 100, it is
predicted that the fragment mass distribution is no
longer peaked at gymmetric division (Businaro -
Gallone [62]) and it becomes nearly impossible, if
it is so, to distinguish between fission and deep
inelastic transfer reactions. Therefore the cross
sections for evaporation residues which have been

measured are certainly lower than OCF’ but we don't

know of what amount exactly.
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The second point concerning Ar induced reac-
tions is relative to very heavy nuclei. Since very
large angular momenta are brought to the composite
system, and also since such a composite system in
some cases is not at all known, the questions rais-—
ed previously on the problem of '"direct fission"
against "full equilibrated fission'" become indeed

serious.

However, the reaction Ar + Au has been studied
with a great detail of care, at 1.2 time the barrier.

First, it has been shown by Tamain et al.[60]
that a large number of fragments present a symmetric
mass distribution around (Aj+A2)/2.

Second, Ouichaoui et al. [63] at this Confe-
rence show on figure 21 that there is a welldefined
difference between this mass distribution and the

light quasi-fission fragments.

¥ T T T T T ¥ T T L
. quos fisseon
o .
Zeo b i Ar + Au (220Mev) J
o
5 8 = 56°
&
2
5]
© fission after
compilete fusion
7
0 1. 1
40 80 80 100 120
Moss (omu )
Fig. 21 - Mass distribution for the fragments

produced in the reaction “0Ar+197Au at 220 MeV.
There is a very clear distinction between
quasi-fission or deep inelastic light frag-
ments around A = 40, ,and fission fragments
[63].

Third, the angular distribution has been studi
ed by collecting emitted fragments on catcher foils
and counting X rays (Lucas et al.[64]). It has been
shown that all elements between Z = 40 and Z = 65
(the compound nucleus is Z = 97) exhibit an angular
distribution in 1/sinf ( g%.= cst), while elements
with 70 < Z < 83 present a peak around ecm = 120°,
a distribution quite in agreement with a quasi -
fission or DIC process.

The conclusion is that more than 50 7% of the
cross section correspond to complete fusion nuclei
Whicgllive a time longer than the rotation period
(10

sion barrier. The composite system which ends up

sec.), even though these nuclei have no fis-

into strongly damped products (quasi-fission) live

M. LEFORT

0~%!sec.). In my opinion

much smaller time (around !
these results are a good demonstration that the fis-
sion barrier concept is valuable in the exit channel
along the path to fission, but should not be used as
a criterion for the limit for complete fusion in the
entrance channel because ‘the collision follows ano-

ther path.

One might still argue that there is not a full
equilibration in the compound nucleus. Nevertheless
one is entitled to call the phenomenon complete
fusion, as in table IV. (See following page)

The result is certainly very different from the ob-
servation made with heavier ions like ®%Cu and BUgr,
which consists of fission-like fragments for the
kinetic energy, while the mass distribution is not
at all symmetric around half mass of the composite
system and still reflects the projectile and target
masses. Here we move to a well defined non—-compound
fission phenomenon and the distinction seems rather
clear between complete fusion and fissionas observed
with Ar ions and a faster process shorter in time
than one revolution that has been called "quasi -

fission" (Hanappe et al.[72J).

4.3 - Limitation to Complete Fusion Contribu-
tion from low £ waves.

Very heavy Projectiles.

For projectiles heavier than A = 40, presently,
Fe, Cu and Kr ions, a number of experimental results
indicate clearly that an additional limitation
occurs for complete fusion and lowers OER as well

as g . There are mainly two categories of results

conciiizng the interaction of very heavy ions with
complex nuclei,

The first experimental evidence for negligeable
complete fusion followed by full momentum fission
was given [70] on the accelerator ALICE. In dis -
agreement with the announcement made by Oganessyan
[71] that a wide mass distribution of fission frag-
ments were observed in the bombardment of Ta by Kr
ions, it was demonstrated that in the interaction
of 500 MeV Krypton iomns with 238y and %°°Bi nuclei,
no symmetric fission issued from a compound nucleus
was observable and an upper limit of 30 mb was indi-
cated. Furthermore, large cross sections for symme-

tric fissions following full momentum transfer were
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Table TV
Complete fusion cross sections (OER + ofiss)
. . = x
Projectile | Target CN (iev) sz OER Ofiss OCF 1cr 1max Ref
(mb) (mb) (mb)

“0ar 775e | M177e 95 71 (52) 70 65
“0pr 778¢ | 1171e | 132 107 (70) 110 65
“0ar ?4%Ge | ‘Ysn | 128 110 | 950 >950 >69 90 54
#0pr 10840 | 1*97b | 144 92 | 950 >950 >75 80 19
“0ar 109p, | 149 | 210 158 | 600 650 1250 113 140 19
S2g 1151p | 1%77p | 269 210 | 530 330 860 92 110 69
“0ar 121gy | 181tm | 148 84 | 550 500 1050 84 91 54

" " " 170 108 | 520 530 1040 89 111 54
" n " 222 161 | 520 610 1030 107 155 54
205e 150ng | 27%b | 127 107 1450 100 1550 73 80 47
“O0Ar 16540 | 2055c | 242 155 | <10 1350 1350 126 163 60
" " " 182 95 800 800 84 108 60
i2¢ 19750 | 29°%¢t 81 |63,5 | 560 600 1160 42 50 66
12¢ 238y 250cf | 115 | 89,5 1550 1550 56 12 67
189 238y 25%Fm | 154 115 1490 1490 73 88 67
205e 238 258y0 | 185 134 1360 1360 86 114 67
“oAy 238y 278110 | 214 82 516 516 76 116 60
“0py 238y 278110 1 257 125 1030 1030 117 164 60
“0pr 238y 278310 | 342 204 1330 1330 150 230 68

measured in the reaction (*°Ar + 228U) while the
cross section was very low for (%'Kr + 188yy alrhough
Z1+ Zz = 110 is obtained for both composite system.
It is known, now a day, that, instead of leading
to complete fusion, even low £ waves contribute to
a very striking process which was named "quasi -
fission" [72] and has the same characteristics as
the Deep inelastic collisions that shall be des-
cribed in detail by J.Galin [12] and L.Moretto [13],
at this Conference. It has been confirmed in
Berkeley [73] by radiochemical analysis that the
wide mass distribution announced by the Dubna Group

did not correspond to a symmetric fission.

Between Argon induced reactions and Krypton indu~
ced reactions, an interesting intermediate situa-
tion has been studied by Péter et al. [74] with
copper projectiles. Bombarding Au at an energy very
close to the barrier (1.1 B), the amount of fission
following complete fusion is very small, and nearly
all the cross sections go into deep inelastic col-

lisions, amongst which 55 % correspond to quasi -

figssion events (totally relaxed) and 50 Z to par-
tially damped processes. At a higher energy (1.4 B)
a number of events can be interpreted as symmetric
fission following complete fusion, and the cross
section is of the order of 100 mb. These result
show that there is a great difficulty for complete
fusion, even in head-on collisions, and one has to
increase the energy well above the interaction

barrier in order to begin to initiate this process.

The second set of results showing how com-
plete fusion becomes difficult with very heavy pro-
jectiles (A > 40) concerns a detailed study of
evaporation residue formation as a result of !3%Er
compound nucleus decay, and a comparison of the
results when different combinations of projectiles
and targets were used, namely :

(}80 + 1%2Nd), (“Oar + '1%gn), (**Kr + 7“Ge) and
(®3cu + %%2r), the last one giving a slightly

different compound system,lngm.
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Compound nuclei were formed without ambiguity
since evaporation residues were recognized [75-76]
There was certainly a fraction of the complete fu-
sion cross section that undergoes fission, but we
shall focuse our attention on excitation functions
of residual nuclei resulting from (Kr,xn) or
(Cu,xn) reactions, i.e. obtained as decay products
after the evaporation of x = 3, 4, 5, 6 neutrons.

Let-us take the cross section for !®%Er which

158

results from the compound nucleus Er after eva-

poration of 5 neutrons (Figure 22).

T T T T 1 T
0! -
02 -
|O_3 -
U 1 FE !
60 70 80 90 *IOO 1O
E™ (MeV)
Fig. 22 - Excitation functions for (HI,Sn)

reactions passing through the same compound
nucleus !158Er (159Tm for €3Cu projectiles).
The shift between 160 and 8%Kr is clearly
seen [75-76].

The threshold was observed at an excitation energy
15 MeV above the threshold obtained for the same
de-excitation process (5 neutrons from 15852 but
when the projectile was '®0 and the target 1%2N4,

A third system passes through the same compound
nucleus (“°Ar + !!®Sn) and whereas there is a small
.shift towards higher energies when going from 160
to "PAr, the shift is very large between Argon
induced 5n reaction and Krypton induced 5n reac-—
tion. The same thing was observed for x = 6 and

x = 4. The absolute magnitude of the cross sections

was smaller about a factor two in the case of Kr

and the excitation function was not only shifted

but also narrower, as shown on figure 22.

M. LEFORT

How to explain these unexpected results ?
In principle, all (HI,5n) excitation functions
should start at the same excitation energy whatever
is the heavy ion since the threshold corresponds to
the sum of binding energies for 5 successive neu -
trons emitted from '°®Er. This is indeed, observed
when comparing (C,5n), (0,5n), (Ne,5n) reactions.
The low excitation energy part of the curve should
be attribued to the low angular momentum population
since all the available energy has to be taken for
the evaporation of 5 neutrons. If some energy was
dissipated by gamma rays as it is when the compound
nucleus shares a large Jﬁ, there would not be
enough energy left for emitting 5 neutrons and the

1S4Er, In principle,

resulting nucleus would be
only the maximum of the excitation function and the
descent on the high energy side should be shifted
towards higher values and the FWHM should be in -
creased by the effect of large J in the angular
momentum population. A quantitative treatment [76],
similar to the code Alice, on the same basis as
was explained in section 3.3, has been made in
order to fit excitation functions. For oxygen in -
duced reactions, all available J values were taken.
For Argon projectiles, a cut—off was necessary on
the high J side, in agreement with the measurement

of OCF’ which necessites a critical value around

chg = 80 h. We have already discussed that point.

a T L T T T T
Ge(Kr,5n) " Er exp
— — ail 2vulues
cale { e Ec min
e b moxieSBEMEN)
0 |
b&
~
E§
02|
\
-3
107 ,yc max= 70Hh [\‘ N
) | 1 1 ! H L
60 70 80 90 100 10 120
Fig. 23 - Attempt to fit krypton induced

excitation function 7“Ge(Kr,5n)!S3Er,
by assuming critical angular momenta
both in the lower side and in the upper
side [76].
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But for the Krypton case, the important shift im—
plies necessarily a lower limit in the J populationm,
gvaluated around 50. (see figure 23).

The same cut-off should take place in order to des—
cribe the reactions (Kr,4n) and (Kr,6n) and a value
slightly smaller was found [77] for the reaction
96Zr(63Cu,5n)15“Tm (Jcr around 35).

The same kind of energy shift was also observed re-
cently [78] when comparing the excitation functions
for polenium isotopes issued from the compound nu-
cleus 2°%Po after its formation either by ®SKr+ll%cd
or by *°Ar+'®%Dy. In both cases, fission competition
is very strong and high % waves contribute entirely
to fission, so the £ window for complete fusion be-
comes much narrower for Krypton projectiles than

for Ar projectiles and cross sections for evapora-

tion residues are smaller.

Such an hypothesis that low £ waves do not con-
tribute to complete fusion for partners involving a
large Z1Z» product and therefore a high Coulomb po-
tential, was made [29], in order to explain the lack
of events in the low energy side of excitation func-
tions as well as the very low complete fusion cross
section in collisions between very heavy nuclei.

It is consistent with the idea that tangential fric-
tion occuring along a large loss of orbital angular
momentum is necessary to allow a deeper penetration
of highly charged projectiles into heavy targets,
and subsequently to allow complete fusion. Although
this is still an hypothesis, we arrive to the con-
clusion that complete fusion between complex nuclei
can occur only with rather unexpected restrictive
conditions, mainly a certain window in the £ wave
population, as schematically shown on figure 24.

Perhaps we should mention that we have tried
to find out other explanations. For example, if a
high energy neutron was emitted in a preevaporation
stage, there would be less excitation energy avail-
able, and the excitation function should be shifted
towards higher values. But the preevaporation pro-—
cess occurs much more easily for light projectiles
than for heavy ones, since, for the same excitation
energy, incoming nucleons have a larger kinetic ve-
locity. According to recent calculations by Blann
[71, the probability for a preevaporated fast neu-
tron is froughly 3-times larger for '2C projectiles

on '*!Pr than for “%Ar on '°%Ag.
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Fig. 24 - Schematic presentation of the dif-
ferent classes of reactions. Angular momen-

tum population where 2 cut-off are taken.
For & < llgr, quasi-fission reactions occur.
For anf < g < g59P complete fusion produces
compound nuclei %ﬁat may decay into evapo-—
ration residues or symmetric fission. For
2 > 2 c deep inelastic reactions (D.C.) are
observeﬁ, and only for grazing collisions
(G.C.) quasi-elastic scattering is occuring.

Another possibility could be a projection of
a neutron during the collision time. Again such a
"direct" process previous the compound nucleus for-—
mation occurs much more easily at 10 MeV pernucleon
than at 2 or 3 MeV per nucleon. Furthermore, the
phenomenon is well known for protons or °He projec—
tiles, but the randomisation of the process, al-
though it adds a long tail to excitation functionms,
does not displace the threshold on the low energy
side.

The only suggestion left, outside of the low
% cut-off, could be that with massive projectiles,
the head-on collision produces a collective vibra-
tion of the composite system and then a fraction of
the energy available could be dissipated by gamma
rays. No quantitative estimation of this possibili-
ty has been made.

It is perhaps not so surprising that complete
fusion does not occur easily for massive projecti-
les and targets. In the early stage of deep inelas-
tic collisions a strong damping is exerted and
depending on the relative effects of nuclear +
Coulomb potential, compound nucleus formation or
re—separation of the two fragments after a large
dissipation of energy may follow. In both cases,
the reaction mechanism is complex, many nucleons
are involved and the role played by collective
degrees of freedom is important. The term "fusion"

is correct since it means blending and melting
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under the effect of heat. "Complete fusion” corres-
ponds to the long-lived compound nucleus formation
where equilibration has occured for all degrees of
freedom, whereas "“incomplete fusion'' corresponds to
reactions where a "hot" metastable composite system
is made and decays before full equilibration into
two fragments. In that sense quasi-fission pheno -
mena are typical of the second class, since equili-
bration has occured for energy, charge symmetry,
but not for mass assymmetry. Furthermore for very
heavy nuclei, all low and medium £ waves go into
quasi~fission instead of contributing to complete

fusion as they do for lighter systems.

5. Conclusion.

Complete Fusion and Energy Dissipation.

Then the end of my contribution might be taken
as an introduction to Galin's report [12] on the
damping process and its consequences in deep inelas-—
tic collisions.

Without entering too much into the subject, it is
worthwhile to examine the reasons for the large
hindrance factor which appears for complete fusion
with heavy systems. It is related to two main causes:
Conservative Coulomb forces, at the distance between
centers d, expressed as ( lez/dz), and dissipative
forces proportionnal to the average velocity during
the overlap of the two nuclear matter densities.
Such a velocity is difficult to evaluate but depends
probably on (E - B), the energy above the barrier.
Also, the dissipative forces should be proportion-
nal to the product of nuclear densities 34 Sz,then
to 1/d*. For DIC processes, J.Galin [12] introduces

an interesting parameter,
Z12262

e =
h 3
similar to the Rutherford parameter ns except for
;d which is the average velocity when friction is
exerted. It represents indeed the balance between
Coulomb forces proportiomnal to
Z122e2
42

and dissipative forces proportionnal to ﬁ;d//dz

LEFORT

When y' is large, (Z1Zz high and ﬁ;d small)
there is such a strong tendancy against agglutina~
tion that no complete fusion occurs, even when the
critical distance is reached.

When 1’ is smaller, then complete fusion beco-
mes possible. For intermediate Z;Z; values, ﬁ;d
needs to be large emough, and therefore the incoming
energy should be well above the barrier, for com -
plete fusion occuring.

Now in a given system like (®%kr + "%Ge), ;d
is certainly larger for intermediate impact parame-
ters, than in head-on collisioms, because the over-
lap of nuclear matter is not so big, and therefore
n' might be sufficiently decreased so that complete
fusion becomes available for a certain range of
£ wvalues. The same conclusion has been reached by
Wilczynska and Wilczynski [79], using a repulsive
core concept, and by Tsang [80], considering the

effects of radial and tangential friction.

8o far, we have oversimplified the picture by
considering one dimensional potential energy curves.
Nix and Moller [81] have calculated contour maps for
the liquid drop potential energy as a function of
two deformation axis.

Their main conclusion is the following :

a) As it has been stressed many time. by Swiatecki
[82], binary fission and heavy-ion fusion take sepa-—
rate valleys. Therefore even if there is no descent
inside the saddle point along the fission path,
there still may be a ridge and a hollow inside that

ridge along the fusion path.

b) The binary fission saddle point is always outside
the contact point for light systems. It means that
when the two nuclei are in contact and a neck deve-
loppes, the shape is less elongated than the shape
at the saddle point, and therefore, the formation

of a long-life compound system is possible. But for
heavy systems, the saddle point shape is so close

to the original spherical shape that it is inside
the contact point. Therefore, even after a large
energy relaxation, the system cannot do anything else
than quasi-fission, as illustrated on figure 25.

In Nix and Moller's prediction, the system 110pg +
110pg corresponds to the situation where the contact
point and the saddle point are approximatively at
the same distance, for £ = 0. This should exclude
complete fusion for any symmetric system heavier
than '19Pd + ''°Pd. Although it has not been calcu-

lated, complete fusion should be possible for much

heavier systems as far as they are asymmetric.
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In the sixfold way of interaction between heavy
nuclei as defined by Swiatecki [83] one year ago,
I have tried to treat the last category, compound
system, although the frontier with the pceceding
category composite system is difficult to define
very strictly.

Repeting Swiatecki's definition, nuclei that fuse

but are not trapped form a gomposite system,
(Fusion is defined in terms of a loss of identity

FRAGMEN

of the pieces, associated with a filling in of the
neck). The remainder are trapped in a potenrial

energy hollow and form a compound system. I prefer
myself to call it complete 'fusion in order te in-
clude in this category even those cases where full

equilibrium has perhaps not been entirely reached

for all the degrees of freedom, but however each

FRAGMENT ELONGATION o (UNITS OF R..)

a
3 JINARY VALLEY i . . . .
ot 44$ &L L i piece have entirely lost its identity.

DISTANCE BETWEEN MASS CENTERS r (UNITS OF R,)

Fig, 25 - Macroscopic potential energy contour ORSAY, September 1976.
plots at £ = 0 for the two systems [81] :
a) 86kr+86KRr + 1724f. The point of contact
(®#®) in H.I. reactions is well inside the
binary saddle point. The dynamical path will
proceed into the hollow on the left and a
spherical shape will be attained,
b) 110pg+110pd>220y, The binary saddle point
now lies inside the point of first contact
between the two H.I, Additional bowbarding
energy is required to form a compound nucleus.
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