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Abstract.- The last theoretical developments concerning the fusion process are
reviewed. They concern the appearance of new dissipative mechanisms : fast
fission, when the fission barrier of the compound nucleus vanishes diue to
angular momentum, and quasifission which takes place for heavy systems. The
conditions under which these processes, as well as fusion, occur are dis-
cussed in details using the fast fission and the extra push models.

Over the last ten years, a large amount of experimental and theoretical
studies have been devoted to dissipative phenomena in heavy ion reactions®). In
this respect, fusion, which is the most dissipative one has been investigated in
great details. In this field of interest two important questions can be raised :

1. what happens when two heavy nuclei fuse together?
2. under which conditions can they fuse?.

Fifteen years back from now the situation was clear because the accelera-
tors could only provide 1ight projectiles at bombarding energies not too far
above the Coulomb barrier. In this case, when two heavy ions merge, they form a
compound nucleus. This is possible if the two ions can overcome the fusion bar-
rier.

Little after the seventies two main problems were revsaled by many experi-
ments indicating that the situation is not as clear as it seemed to be before.
First it was not possible to synthetize the superheavy element by fusion of two
heavy nuclei. It was shown that the reason was not because the superheavy ele-
ment cnuld not exist, but because two very heavy ions cannot merge anymore?). The
second experimental fact, although less spectacular, is nevertheless very impor-
tant : for a given syster, it turns out that when the bombarding energy is above
the fusion barrier, we observe two regimes for the fusion cross section which
are schematically pictured in fig. 1. The region just above the fusion threshold
can be understood by looking if it is possible for the system, with a given im-
pact parameter, to overcome the fusion barrier. This condition cannot be extra-
polated at medium bombarding energies where it was shown that the fusion cross
sectio?)decreases compared to what can be expected from the preceding conside-
ration®). .

Two simple explanations have been given to interpret these surprising re-
sults. They are both based on potential energy considerations :

- the non fusion of very heavy systems can be simply explained by the Cculomb
repulsion between the two heavy ions which become so strong that the nuciear at-
traction cannot counteract it anymore“??®) ;

- for intermediate systems, at medium bombarding energies, it has been propo-
sed to understand the experimental results, that passing the fusion barrier is a
necessary but not a sufficient condition for fusion. To fuse, the system should
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Fig. 1 = Schematic picture of our understanding of fusion in a statie approach.
top left, ts shown the fusion cross section Oy (full line) as a function of
Ecy the inverse of the center of mass bombarding energy. On bottom right is
shown the total interaction potential V between the two ions, as a function of
the distance R separating their center of mass. Vi, i3 the height of the fusion
barrier for a head on colliston and Ri2 its location. The first regime of Op,
Jjust above Vi, can be understood in terms of passing the fusion barrier. The
eritical angular momentum, g, defined om top right is the largest value of the
orpital angular momentum, L, leading to fusion (k 18 the wave nwmoer). The ge-
cond regime of Op, at higher bombarding emergies, occurs if the eritical distan-
ce Rp t8 reacned (see bottom left). Vp ig the value of the total interaction po-

“

tential, for head on colligion,at distonce Rp.

reach a particular distance, called critical distance for fusion®). The notion
of critical distance has up to now no deep theoretical justification and has to
be understood as a simple way to parametrizc the data.

During the recent years some progress has been done in understanding fu-
sion and it is some of these advances which [ could Tike to review with a spe-
cial emphasis on the physical ideas which have emerged.



" 1. EXPERIMENTAL DEFINITION OF FUSION =~ ~

When two heavy ions fuse they form either a compound nucleus, or something
close to it, with some excitation energy and angular momentum. This system will
deexcite by emitting light particles and v rays leading to residual nuclei. If
the fission barrier is small or reduced sufficiently by angular momentum, it will
fission.

The fusion cross section, op, is experimentally defined as the sum of two
terms : the evaporation residue cross section, ofp corresponding to nuclei with
a mass close to the one of the compound nucleus, and the fission cross section,
af, corresponding to products which have a symmetric mass distribution around a
mean value about half the compound nucleus mass :

% = Og * % ()

When light compound nuclei are formed, evaporation residues are a large part of
the fusion cross section. It is the contrary for heavy compound nuclei for which
of is almost identical to gp. For some particular asymmetries of the initial sys-
tem, there can be awbiguities to define the experimental fusion cross section due
to a difficult separation of evaporation residues, or fission fragments, from si-
milar products having a different origin.

A critical angular momentum, 2-p, is usually deduced from op with the fol-
lowing assumptions : it is assumed Eﬁat the Jowest 2 values, or impact parame-
ters, contribute to fusion and that the sharp cut off approximation is valid (see
fig. 1). Then the critical angular momentum is the largest 2 value which fuses.
It is defined by the relation :

It QCR v 2
O = — I (2241) = =— (Rppy + 1) (2)
F k2 2=0 k2 CR

where k is the wave number. The critical angular momentum depends on the system
and on the bombarding energy. It is a property of the entrance channel but not of
the compound nucleus?).

2. THEORETICAL DEFINITION OF FUSION

Dissipative heavy ion collisions are used to be described by means of clas-
sical models with friction forces acting in the relative motion, as well as on
other collective degrees. The dynamical evolution of the two colliding nuclei is
governed by potential, dissipative and inertial terms entering the equations
of motion. Within this framework, fusion occurs when the initial system is trap-
ped in the interaction region. For this to occur, the total interaction poten-
tial, including the centrifugal force, should have a pocket. The system can be
trapped in this pocket if dissipation is large enough (see fig. 2). If not we
have a deep inelastic reaction.

3. FUSION AND COMPOUND MUCLEUS FORMATION

Compound nuclei having a high fissility parameter have a large probability
to decay by fission. This probability increases with angular momentum because the
effective barrier against fission decreases when more and more angular momenta
are brought in the compound nucleus®). For a certain value, denoted by 28¢5 the
fission barrier will vanish, Since a compound nucleus cannot be formed w1€h an
angular momentum larger than 2g., if fusion could be identical to compound nu-
cleus formation, the critical aggu1ar momentum for fusion, 2cp, should be always

smaller than 2g.. However several experiments performed with medium systems show
that icp can be larger than Be (see ref.?) for a compilation of several examples).
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v Theoretical definition
of fusion Fig. 2 - Schematic description of
£ fusion and deep inelastic reactions.
—— ™ The total interaction potential V

ineluding the centrifugal energy
(the orbital angular momentum i3 1)
18 plotted as a function of R, the
istance separating the center of
Pocl!et mass of the two tons. Egy is tne
Znittal bombarding energy. A partof
it s lost in the interaction region
and the system could be trapped (top
R figure) leading to fusion or escape
(bottom part of the figure) giving
deep inelastic fragments.

Deep inelastic collision This means that fusion cannot be
Ecm identified with compound nucleus
- I formation. Since 2cp can be larger

Energy than %g., one of the questicn we
loss have to address ourselves is the
following : what happens for 21 va-
lues between ig. and i-p for which
we have fusion gut not compound nu-
cleus formation?

4. ENHANCED FUSION THRESHOLD

Very heavy systems, typically with a product Z,Z; of the two atomic numbers
larger than about 2500-3000, do not fuse. The region of systems where fusion just
disappears has been investigated in a systematic way by Bock et al.'?) at GSI.
They found the following extremely interesting result : as one goes towards the
Timit where fusion disappears, the associated threshold becomes larger than ex-
pected from the systematic calculation of fusion barriers.

The above enhancement of the fusion threshold, together with the non iden-
tity between compound nucleus formation and fusion, deserves further studies and
this will be the object of the following sections.

5. LIMITS OF FUSION

Sudden potentials, calculated assuming that the densities of the two heavy
ions remain frozen during the collision, describe pretty well fusion which is a
process mainly governed by the entrance channel., They usually exhibit a pocket
where the two heavy ions have to be captured in order to fuse. This can occur
because of dissipative forces which are acting in the interaction region. In
fig. 3 we display, for a head on collision, an example of interaction potential
calculated using the energy density formalism.

The pocket in the total interaction potential V(R) can disappear because of
two effets :
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Fig. 3 - Total interaction poten- . 40 238

tial V(R), for a head on colli- 300+ \ 18" * 92" .

sion, as a function of R, the dis- \ . .

tance separating the center o f S \, (energy density formalism)

mass of the two ions. Vy is the &

nuclear part and Vo the Coulomb

one. This calculation has been

performed using the energy den~ 200 -

stty functional of ref. "), for

the Ar + U system. In this case

V(R) exhibits a pocket and we can

have fusion.

a) Coulomb effects 100 | -
The Coulomb interaction in-

creases with the size of the two

partners much more than the nu-

clear potential. Indeed the first

one goes like Z;Z; whereas the 0|—

second one goes on]y like

A1/3A1/3/(A1/3 + Al 3) l_ref w, 12)]_

As a matter of fact heavy systems V.. (R)

will not have a pocket anymore wnd N

consequently fusion disappears.

This is illustrated in fig. 4 for -100S 1b 1; 2

the Pb + U system. RIFm)

1500 Fig. 4 = Same as fig. 3 for tne
Fb + U system. In tnis case V(R)
> has no pocket and the system cannot
- fusa ( caZcuZaz: ion aecording to
ref.!
1000 b) Angular momentum effects

For a given system the pocket
of V(R) can also disappear due to
angular momentum, because the cen-
trifugal force is repulsive. This

500 is illustrated in fig. 5 for the
Ar + U system,

Let us call 27 the value of
the orbital angular momentum for
which the pocket disappears. Then
because of tangential friction the

0 maximum 2 value for capture will
be :
by = ¥ & (3)
™M T
-500 . 1 where f is the fraction of orbi-

R{Fm)
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tal angular momentum kept in the
relative motion :



= ;- for rolling (4)

and

g 300
f = IR TICR for sticking (5)
9., 0, and J are the momenta of inertia  _
of nuclei 1, 2 and in the relative mo- 2
tion. In many cases it has been found 5250
that f = 5/7 is the relevant value to -
be considered!?). €

i

Fig. 5 - Total interaction potential
Vo(R) for the Ar + U system calculated
for different values of the orbital an- - 200
gular momentum L (calculation according

to ref.'t)).

6. QUANTITATIVE ESTIMATES

We can quantitatively estimate the 150
limits of fusion using an analytical
expression of the interaction potentiail 40 238
between two heavy ions based on the 18Ar . 92u
energy density formalism of ref.ll).
With a simplified value of the radius 100 , N R , .
parameter r, used to calculate nuclear ) 9 10 1 12 B 1% 15
radii it reads : : R(Fm)
2.7, e?
172
VC(R) = R (7)
¢, C,
VN(R) = m N(S) (8)
where C, and C, are the central radii
C; = Ry 1 - (9)
R
= }/3 =
Ri rs A1 (ro 1.16 fm) (10)
and
(s - s,)?
QIN(S) = - 34 expi- —-_DT_ MeV
ifs>s =-1.6fm (11)
= - - 2 :
U(s) = =38 45.4(s-5s)F ifsc<s ., (12)

Using expression (6) it is easy to calculate the fusion barrier which is defined
as the outer maximum of V(R). Since the maximum value of the nuclear force isob-
tained for s=0, the position of the fusion barrier, when it exists, is always
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located at s > 0. The quality of the parametrization given by equations (6-12)
is seen in fig. 6. It shows for several systems, a comparison between the calcu-
lated values and the experimental ones (from ref.!*)) for the fusion barrier

height and for its location.
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With the above parametrization the nuclear force is maximum for s = 0 and
is equal to :

(FN)max x 12.54 — (13)

According to the proximity approach-’) it is also equal to

c. C,
(Fu}max =47 4 T (14)



Comparing egs.(13) and (14) we see that the surface tension v = 1 MeV/fm®. For a
head on collision, the pocket will disappear if the modu]us of the Cou]omb force,
at s = 0, is larger than the modulus of the nuclear force :

C. C 1.2, e*
dm v ¢ l+ é > —— z * - (18]
1 2 (C1 + Cz)

This gives the following condition for a system to fuse :

ZIZZ
C, C,(C +¢C

< 8.7 (16)
.

which can be expressed in a simpler way introducing the effect1ve fissility pa-
rameter of Bass“) (also used extensively later by Swiatecki'®))

72 42,2,
eff A1/3A1/3(A1/3 +A1/3)
1 2 1 2

the above 1imit of fusiun has been calculated from eq.(16) approximating the
central radii along the beta stability line.

For a given system we can investigate in a similar way the disappearance of
the pocket due to angular momentum. The condition reads :
2.7, €
+
Cl —CZ(CI + CZ)

f2 22 ﬂz
pC C(C, o+ Cz)2

< 4w vy, (18)

To solve this equation for a given system, we need the factor f representing

the proportion of orbital angular momentum remaining in the relative motion. The
choice of this factor is however not obvious and might depend upon the system
under consideration (see below). Nevertheless eq.(18) tells us that the critical
angular momentum for fusion is bounded at high bombarding energies.

The above approach is a static one since it is based only on potential ener-
gy considerations. We will see later on how the dynamics influence the prece-
ding conclusions. However we shall first briefly describe two dynamical mode]s
allowing a better understanding of the fusion process itself.

7. THE FAST FISSION MODEL

A large part of the results to be discussed in this paper are based on a
dynamical model which was developped in ref. 17=29), The collisior of two heavy
ions is described by means of a few collective degrees of freedom which are
treated explicitly : two describing the relative motion of the 2 jons (R, 9 the
usual polar coordinates), one describing the mass asymmetry of the system, and
the Tast one associated to the neutron excess in one of the fragments. The de-
formation degrees of freedom, which play an important role in the collision, are
treated implicitly by allowing a dynamical transition between a sudden and an
adiabatic potential. This method is similar to the one proposed by Norenberg and
R1ede1;*) who make a dynamical transition betweena diabatic and an adiabatic po-
tentia

The sudden potential, calculated assuming that the densities of the two
icns are frozen, provides a good description of the entrance channel (fusion
valley). At variance, the adiabatic potential (taken from ref.22)) which is ob-
tained by minimizing the potential energy of the system for a given elongation,
gives a good description of the fission valley.



If the overlap and the contact time between the two ions is sufficient,
there is a complete transition from the sudden, to the adiabatic potential. If
not, only a partial transition occurs (for instance,for quasielastic interac-
tions there is no transition at all).

The dynamical evolution of the system is fcllowed by means of a transport
equation which was derived by Hofmann and Siemens using linear response theory*?).
Its solution gives the distribution function of the system in collective phase
space at each step of the collision. The evolution of the colliding system is en-
tirely determined by potential, friction and inertia terms.

This model allows to describe deep inelastic reactions but its main inte-
rest concerns fusion where new features appear.

a) Fast fission

The first feature is the appearance, if certain conditions are fulfilled, of
a mechanisms intermediate between deep inelastic and compound nucleus formation.
This is illustratad in fig. 7 for the 340 MeV Ar + Ho system. Three typical tra-
jectories are displayed ir the plane mass asymmetry-radial distance :

- for 2=195 the interaction between the two nuclei is weak and the time of con-
tact is short. There is almost no mass exchanged between the two nuclei and a
small energy transfer between them. We have to deal with a quasielastic reaction ;

- for 1=138 the interaction between the two heavy ions is stronger. Some mass is
exchanged and, for this narticular & value, the kinetic energy in the relative
motion is completely damped. We are faced with a typical deep inelastic colli-
sion ;

- for 2=75 the system is trapped in the pocket of the sudden potential. Then mass
asymmetry relaxes to equilibrium, which in this case corresponds to a symmetric
composite system., Simultaneoulsy the potential landscape changes from sudden to
adiabatic. However, for this particular system the value of the angular momentum
for which the fission barrier of the compound rucleus vanishes, ig., is equal to
72 [ref.??)]. Therefore the system escapes again by fissioning in gwo fragments.
This kind of trajectory corresponds to fast fission phenomenon and appears na-
turally in the model. The mass and the kinetic energy distributions of the pro-
ducts will be pratically identical to those of fission fragments following com-
pound nucleus formation. The interaction time of such a process ranges from 10°%*
to 10-%%s, which is larger than the one of a deep inelastic collision, but shor-
ter than for compound nucleus formation.

- For 2 smaller than 2g. = 72, a real compound nucleus is formed since it has a
non vanishing fission barrier. The fast fission model cannot however describe
the future evolution of the captured system.

From the 340 MeV Ar - Ho system illustrated in fig. 7 it emerges the follo-
wing picture for heavy ion reactions : compound nucleus formation occurs for
0 ¢ i< igg. Then we odbserve fast fission when 2g. < 2 € 2cg. FOr Zer < 1 < Zmay
we have degp inelastic collisions and then quasiefastic reactions c?os

[t should be noted that the existence of long life time trajectories like
the one illustrated by 2=75 in fig. 7 have also been obtained by other authors :
Ngrenberg and Riedel fer heavy systems?®) and Broglia, Dasso and Winther:®).
These last authors were probably the firsts who have quantitatively obtained fast
fission trajectories using a dynamical model which includes explicitly the de-
formation degrees of freedom of the two incident nuclei. However the range of 1
values associated to this mechanism is different from the one obtained nere. If
.cR exceeds lg. they have the following picture compound: nucleus formation for
< lgg, then, as i increases, deep inelastic collisions, fast fission, deep
inelastic again and finally quasielastic reactions. Therefore fast fission occurs
in a . window in between ! values associated to deep inelastic collisions.
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discussed above, compound

nucleus formation occurs
when £ < fg.. It is so because the system remains trapped when the potential
energy sur acp becomes adiabatic. This is due to the fact that the saddle confi-
guration of the compound nucleus is less compact than the pocket configuration.
This condition is fulfilled if the fissility parameter n = Z2/A of the compound
nucleus is not too large (see section 11). However, for heav1er compound nuclei,
the saddle configuration can be more compact than the pocket configuration. In
this case, even if the compound nucleus has a fission barrier, the system can es-
cape because it is located outside the saddle configuration. As a consequence we
get fast fission also for 2 < 1g.. For this spec1a1 situation, it has been sug-
gested by Swiatecki to call it quasifission®).

c) Fission 1ike mass distributions

In ref,?522%)  the fission like mass distribution of the Ar + Ho system at
several bombarding energies have been investigated in great details. It has been
found an unusual broaden1ng of these mass distributions when the critical angu-
Tar momentum exceeds 18, (see fig. 8). It has been suggested?~27) that this could
be an indication that § new mechanism occurs when 2 values larger than ige are
involved.

Since the fast fission model is based on a transport equation, we are able
to calculate, for each 1 value, the width of the fast fission mass distribution.
For compound nucleus fission the width of the fission fragments mass distribu-
tions are taken from ref.?%®). At a given bombarding energy, summing up all con-
tributions from 2=0 to 2cg, we can get the total mass distribution of the fis-
sion Tike products. A comparison with the experimental results is shown in fig.
3 for the Ar + Ho system. The agreement between experiment and theory is pretty
good. However, it should be noted that, with the fast fission model, we can only
calculate the mass distribution of the products if the system is no too asymme-~
tric. The reason is that the transport equat1on is solved by moments expansion.
For more asymmetric systems such a method is 1napp11cab1e because along the mass
asymmetry coordinate the system is 1HJECtEd in a region where the distribution
function sp11ts in two parts : one going to more asymmetric configurations, the
other one going to more symmetr1c ones.
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d) The four classes of dissipative collisions

In fig. ° we summarize, in a schematic manner, the four classes of dissipative
heavy ion collisions which appear in the fast fission model : deep inelastic,



fast fission, quasifission and compound nucleus formation. We have represented
the sudden and the adiabatic potential as a function of R, a well as a trajecto-
ry. This one dimensional representation is just to have a physical feeling of
what is going on but it should be stressed that, in the fast fission model, the
collision is described on a four dimensional potential energy surface.

THE FOUR TYPES OF
DISSIPATIVE HEAVY ION COLLISIONS
Deep inetastic collision Compound nucleus formation
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fig. 10 = Typieal illustration of the Jour dissipative mechanisms occuring in z
neavy ton reaction : Top left : the system is not travped but it looses a Lot =27
xingtic enercy in the relative motion : we rave a deep inelastic collision.

Top right : cze system is trapped in the entrance channel. The sudden potenziai
7028 o tre zdiakatic one but the saddle configuraticn is elongated enougn *o
Kgep tnz 3ystem trapped : we have zompound nucleus formation. Bottom left : <ie
3ystem 18 irupped but the fisaion barrier of the compound nucleus nas vaniahed
due ¢ arngular momentum. Tnereforc it desintsgrates in tuwo almost equal Fragrenza
because mass asyrmesry fad time to reach equilidrium : ve have fast fisaicn. Bottom
right : zae compcund nucleus 7as a fission tarrier bu: the saddle conjfigurazicn
i sco comrazt to keep the trapped system : we have also Fast fiasion or guasi-
“i3sion.

8. THE EXTRAPUSH MODEL

In ref,3123) Swjatecki has developped a dynamical model for head on colli-
sions. He assumes that it is possible to describe the evolution of the two colli-
ding nuclei by a sequence of shapes consisting of two spheres connected by a
conical neck. If it is so, three collective variables are enough to describe :he



dynamics : one connected to the distance separating both fragments, one associa-
ted to mass asymmetry and one related to the neck connecting the two pieces. Only
the mean values of the collective variables are followed as a function of time

by means of Newton equations with friction forces given by the one body appro-
ach®®). Except for the motion governing the distance between the two nuclei, all
the collective motions are assumed to be overdamped in the sense of Kramers’:).

They are three key configurations : the first one corresponds to the contact
of the two nuclei supposed to be represented by liquid drops. This contact confi-
guration is close to the one associated to the interaction barrier. It is at this
point that the neck degree of €reedom is unfrozen. The second one is the condi-
tional saddle configuration which is a maximum of the potential energy under the
constraint that mass asymmetry remains frozen to its initial value. The third one
js the usual saddle point which is associated to the compound nucleus. It cor-
responds to a splitting in two symmetric fragments. For a symmetric system, con-
ditional and inconditional saddles are the same.

To each of the preceding configurations are associated three thresholds
and three kinds of mechanism. This is summarized in fig. 11 taken from ref.3?).
We see that fusion is obtained only if the conditional saddle point is reached.
For light systems this configuration is less compact than the contact one. Con-
sequently the extra push is zero. For heavier systems it can be the contrary and
it is necessary to bring the system from the contact point to the saddle confi-
guration by giving it some extra energy : the extra push.
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9. BRIEF CCMPARISCN BETWEEN THE FAST FISSION AND THE EXTRAPUSH MODELS

The fast fission and the extrapush models have been initially developped in
order to explain different experimental data. They present a lot of similarities
but also differences. However they both give a very close description of the fu-
sion process. We shall briefly recall the advantages as well as the drawbacks of
each of them.

Both are able to describe the dynamical evolution of the colliding system.
The fast fission model takes into account the orbital angular momentum expli-
citly and is able to describe the fluctuations of the macroscopic variables
around their mean values. These points are disregarded in the extra push model
which is only devoted to head on coilisions. However the later approach has the
advantage of treating explicitly,, although in a simplified manner, the deforma-
tions of the twc ions. This is not the case for the fast fission model where
they are only simulated. As far as the frictional forces are concerned, the ex-
tra push model heavily rely on the overdamped approximation. This is not the case
of the fast fission model. This simplification avoids the choice of the inertial
parameters which are taken, in the fast fission model, sometimes without a deep
theoretical justification.

There is nevertheless one basic difference in both models. In the extra
push description the neck is unfrozen after the contact configuration has been
reached. It is at contact that the transition between a sudden and an adiabatic
potential occurs. According to the results of ref.’®) this happens very fast :
in a few 107%%s. It is necessary to have an extra kinetic energy at the contact
point to be able to reach the conditional saddle and to be captured. For the fast
fission model the sudden to adiabatic transition occurs earlier but is slower :
of the order of 10-%!s [ref.17)]. An extra kinetic energy is needed in order to
overcome the fusion barrier and to fuse. This is illustrated in fig. 12.

va Fig. 12 - Schematic illugtraiicon oF
the fact trat same extra kinetic aner-
cy 18 needed to cverccme tre Jusion
- barrier in the fast Ffission model :
_____ _‘Ec_n__tA_E_ on tcr 13 the case of a head on col-
with no friction 1iston. In the Eottom when the oriti-
tal angular momentum is equal to Log.
=0 In this later case the totcl intercc-
tion potential including centrifugal
energy changes due to angular momen—
tum loss.

with friction

oy

10. THE STATIC EXTRA PUSH MODEL

(1- ”‘cn = orbital anqular momentum loss With what

vVa

has been learned using
the dynamical extra push model,
Swiateckil®122:32,33) nag developped

a simple static approach where many of
the experimental data can be described
in terms of simple formulas. This con-
l cerns what can be called the static

(R extra push model.

fler .

with no friction

For a head on collision the extra
push energy, E,, can be parametrized
in terms of the effective fissility
??;gmeter, (Z°/A)asf, defined in eq.
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where a is a slope factor and C. a dimensional constant defined in ref.1%:3?),
From e%.(19) we see that the extra push is different from zero if (Z%/A)eff >
(ZZ/A)ahF, a threshold value of the effective fissility parameter. The schematic
mode]l 6F ref.1%) gives for the values of the parameters :
72 thr
a5 and L—J z 26-27.

Alers

The above description can be extended to non central collisions if the cen-
trifugal force is simulated by an increase of the Cculomb force. In this way one
has to introduce a . dependent effective fissility parameter defined as :

N AL +A
(2 - l@-] (220) + g(f1)? P (20)

R eft Aless NG AR

To a constant factor, (Z?/A)ges (1) is the Coulomb plus centrifugal forces di-
vided by the nuclear force evaluated at the point where this later quantity is
maximum. We see that there is some ambiguity (already discussed in section 6)
for the value of f which corresponds to the proportion of orbital angular momen-
tum kept in relative motion. An analysis of the experimental data obtained in
ref.!%) leads to the following values of the parametersi?s?3)

(Zz\ thl"

a =10 , T}

z 32.5 f =

~lon

(rolling)
eff

These values are rather different from those obtained in the schematic approach
of ref.-”). As far as the factor f is concerned, the rolling value can be repro-
duced by the simple model of ref.®*).

It should be noted that the above simulation of angular momentum is proba-
bly a very rough description of reality. In particular we know that angular mo-
mentum will change the saddle properties of the compound nucleus and of the com-
posite system®). This is not taken into account by just modifying the value of
(Z5/R)efs-

At the same level of simplicity, a parametrization of the extra extrapush
energy can be obtained in term of (Z°/A),¢s, and of a parameter which is the
geometric mean of the normal and effective fissility parameters3?,’3, We shall
not go into the details of this parametrization and refer the reader to ref.:*)
for morc details. We just would like to point out a few important things which
are coming cut of this parametrization :

the extra extrapush energy, E,., isthe important quantity to be considered
for compound nucleus formation. In contrast to Ey, which increases smoothly with
the excess of (Z%/A)effover (23/A)§ £, E4« looks more as a step function at a
threshold (c1iff) which depends critically upon the mass asymmetry of the ini-
tial system, indeed for symmetric systems E, = E,, but the extra extrapush be-
comes larger than E, with increasing asymmetry. An important outcome of the mo-

del is that the threshold associated to the extra extrapush corresponds to a si-



tuation where the fission barrier of the compound nucleus has not always vani-
shed : censequently this approach predicts that we can get fast fission even for
2 values smaller than zaf. This point is in contradiction with the fast fission
model.

11. THE STATIC FAST FISSION MODEL

As for the extrapush approach, it is interesting to parametrize some of the
results of the fast fission dynamical model by simple analytic formulas. In sec-
tion 6 we already started to derive the condition under which fusion is possible.
However, for a system where it is so, we do not know if fusion will be easily
realized or not. Indeed, a dynamical appreach, including dissipative forces,
shows that some extra kinetic energy above the static fusion threshold is needed
to overcome the fusion barrier (see fig. 12 for a schematic illustration). We
shall now try to estimate roughly the value of this extra energy using recent ex-
perimental results.

By definition, cp is the largest 1 value which is able to pass the fusion
barrier. It should satisfy the following equation :
3 2

, )+
fice” 2 RZ,

+ AE, + AE (22)

E = V(R R t

CR

where E is the center of mass bombarding energy, Ry R is the position of the
fusion barrier for i=%:p, and p is the reduced mass.C AER and AEt are respecti-
vely the energy loss in the radial and tangential motions when the system reaches
Res R If we assume that the energy loss in the tangential motion occurs at al-
mosE constant distance, it can be shown®°®) that AE¢ is just equal to the loss of
centrifugal energy due to the decrease of orbital angular momentum from 2cg to
ficp. Equation (22) can be rewritten as :

D I L
CR 2u R?.
“CR

E = V(R + AE (23)

where AE is the extra kinetic energy which we have to provide above the static
fusion threshold, V(RLCR), in order to fuse. The fusion cross section, cp, can
then be written as :

) + aE]
- — | (24)

(
| V(sz
f
i

For the cases investigated in ref.*°) we have used the experimental value of
4R to calculate Rey.o and V(Rf, P) with the interaction potential defined in sec-
tion 6. We assumed the rRoHing va]ug For f(f=5/7). AE was deduced fromeq.(24) using the
experimental value of the fusion cross section. The extraenerqy, AE, obtained in this
way, is plotted in fig. 13 (circles) as a function of the parameter, Xeff, defined by :

lel ez , fz.‘/),z‘ﬁz Al * AZ 1 }' (25)
CCiC, +¢C,) ~m TAKE TTIC T

12 1 2

(
e gl
o " i‘.

where m is the nucleon mass and 47 v = 12.54 Mev/fm? for the interaction poten-
tial used in section 6. In the same figure we have also plotted (crosses) the
values of f deduced for the Ar + Ho system investigated in refs.®%2%3), However,
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lowed the general trend of
the systems measured in 1 I
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factor f, also exists for

the static extra push mo-

del. It tells us that simulating angular momentum by an increase of the Coulomb
force is only a rough description of the real situation.

The general behaviour of 2E can be parametrized by the following expres-
sion :

( )¢

~ : - \
AE = 2000 txeff 0.68} (26)

The next quantity which is interesting to parametrize is the limit where
quasifission appears. According to the fast fission model this happens when the
saddle configuration becomes more compact than the pocket one. In fig. 14 we
have nlotted the distance corresponding to the pocket configuration and to the
compound nucleus saddle point (deduced from ref.37)), as a function of the fis-
sility parameter X defined by?®) :

X = /A (27)
50.88 (1 - 1.7826 12)
and
A 3)
I = 1 (20)

we see that the pocket becomes less compact than the saddle configuration when :
£ > 0.83 . ' (29)

Quasifission occurs when the above inequality is satisfied. For compound
nuclei along the beta stability line, X = 0.83 corresponds approximately to :

Zz

T * 28,5, (30)
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The conditions under which compound nu-
cleus, fast fission and quasifission can be ob-
,7] tainedare summarized in fig. 15. It should be
noted that fast fission and quasifission can
only be observed if the initial system is
not too asymmetric. Typically, the mass
asymmetry variable x, defined in fig. 15,
should be smaller than about 0.7, but this

/7 value may depend upon the system and the
4 bombarding energy. The reason is that fast
/ fission or quasifission occur only if we
form a symmetric two-center composite sys-
0.0 0.5 1.0 tem. For that, the driving force along the
) ) X mass asymmetry coordinate should let the
system evolve in this direction. If the ini-
tial system is too asymmetric, this is not
the case, and a one-center conf1gurat1on will be formed which will deexcites al-
most 1ike a compound nucleus.

101 pocket configuration

for 3 _symmetric
system i

Finally, in fig. 16, we summarize, in a schematic way, the range of 2 va-
lues which are to be associated to the mechanisms following fusion.

12. CONCLUSION

Since a few years a lot of progress have been done in the understanding of
fusion. New mechanisms : fast fission and quasifission, appear naturally in the
theoretical models described in this review. They help to understand a lot of
experimental data which were hard to fit in our old understanding of fusion. How-
ever, up to now,there is no direct experimental evidence of these mechanisms
but only some indications that they could be there. Therefore a large amount of
experiments remain to be done in the near future. The simplification of the dy-
namical extrapush and fast fission models, to a static description of fusion, are
very helpful but still unprecise. In particular a better treatment and under-
standing of angular momentum is urgently needed. Finally it is worth to note that
the idea of critical distance, proposed inrefs.*2¢) could probably find a theo-
retical justification with the extrapush or the fast fission modeis.
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