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Abstract

We review a recent theoretical approach to heavy jon fusion above the
Coulomb barrier. We present a simple dynamical model which allow to well re-
produce 2 lot of experimental data. It is shown that the fusion cross sec-
tjon is governed by a dynamical barrier which is, in some cases, different
from the static one. Then we investigate what happens to the fused system.
It is shown that some of the unexplained experimental data can be understood
by the occurence of a new mechanism : fast fission. Its properties are dis-
cussed and we give the conditions of occurence for such a mechanism.

Fusion is a process which has a great importance in heavy jon reactions
at low bombarding energfes. In most of the cases it occurs with a cross sec-
tion, I which is a large part of the total reaction cross section. During
the collision of two heavy jons which fuse together, 211 the kinetic energy
and orbital angular momentum which are in the entrance channel, are trans-
formed respectively in excitation energy and spin of the fused system. For
this reason, fusion can be viewed as the most dissipative phenomena which can
be observed in heavy fon collisions. Many models have been developed to ex-
plain the fusion process. During the recent years this field has kncwn a re-
newed interest because of new experimental data [1]. This has pushed the in-
troduction of original ideas and this conference occurs at the right time %o
make a synthesis of them. In this talk I would like to describe our present
understanding of fusion [2,4]. Our main aim will be to try to answer the two
following auestions : ,

1. Under which conditions can two heavv fon fuse tocether and what is
the orobability of such a process?

2. What happens to the fused system? Do we alwavys form a compcund ru-
cleus?



Qur afim is to try to get a single picture where 211 the fusion data can
be understood as quantitatively as possible. We will restrict ourselves to
the fusion process which occurs above the threshold and up to 10-15 MeV/u.

1. FUSION
1. Some definitions

When two heavy fons fuse they form a system with some excitation energy
and angular momentum. It will de-excite by emitting 1ight particles and y-
ray leading to residual nuclei. If the fission barrier is small, or recuced
sufficiently by angular momentum, it will fission. The experimental fusion
cross section, oF» is experimentally defined as the sum of two terms : the
evaporation residue cross section, OgR» and the fission-1ike cross section,
OpL» which in many cases, is assumed to come from the fission of the compound
nucleus :

o * ogp * OF (1)

The fusion cross section is very often expressed in terms of a critical
angular momertum, ICR’ whose definition is displayed in Fig. 1. It is as
sumed that the lowest £ values contribute to fusfon and that the sharp cut
off approximation is valid. Therefore ICR ifs the largest & value which fuses.
It depends on the system and on the bombarding energy.

From the theoretical point of view, a dissipative heavy fon reaction
can be viewed as two colliding nuclei moving on classical trajectories which
are governed by potentfal, fnertial and dissipative terms. Fusfon will take
place if the system is trapped in the interaction region (see Fig. 2). For
this to occur the total interaction potential, as a function of the distance
R separating the center of mass of the two fraagments, should have a pocket.
The system can be trapped in this pocket if dissfpation is large enough,
otherwise we get a deep inelastic reaction.
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Fig. 2 - Schematic description of {
fusion and deep inelastic reactions. |
The total interaction potential V R
including the centrifugal energy
(the orbital angular momentum is &)
is plotted as a function of R, the v , . .

distance separating the center of Coep inelastic callision £
mass of the two fons. Ecy 1s the -
initial bombarding eneray. A part of Energy
it is lost in the interaction region loss
and the system could be trapped (top "

figure) leading to fusion or escape
(bottom part of the figure) giving
deep inelastic fragments.

2. Basic features of the fusfon cross section

We shall now present, in a schematic way, the principal characteristics
of the experimental fusion cross section [1].

1. Fusion can only be observed {f the two colliding nuclef are not tco
heavy [5]. Practically, the product 7,7, of the atemic numbers of the two
jons shculd not exceed ~ 2500-3C00. This means that, even if the superheavy
element weuld exist, it could ret be possible %o svnthesize it bv the fusion
of two heavy nuclef.

2. - For a ¢iven system, where fusicn is nossible, cne ¢hecerves, for
pombarding eneracies not tco far abeve the Coulemd barrier, that <he fusicn



cross section goes almost linearly as a

barding energy (see Fig. 3).
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Fig. 3 - Schematic presentation of the

fusion excitation functfon as a func-

tion of 1/E. At high bombarding eneray

we observe a fusion cross section de-
fect compared to an extrapolation of
the low energy domain.

Fig. 4 - Schematic illustration of the
difference between the experimental and

the theoretical fusion threshold as a
function of the product ZyZ, of the
atomic number of the two *ons.

function of the inverse of the bom-

3 - For the preceding systems
at higher bombarding energies,
larger values of the orbital angu-
lar, 2, are involved. The measured
fusion cross section becomes smaller
than what can be expected by an
extrapolation of the preceding
straight line (see Fig. 3). In other
words, we observe a fusion cross
saction defect compared to the
extrapolation of the low energy
data.

4 - A fusion cross section
defect is also observed for systems
belonging to the region where fusion
just disappears [6] (heavy systems)
and this is due to an increase of
the fusion threshold which is
schematically illustrated in
Fig. 4.

vexp = Veale




3. Static considerations

The simplest description of fusion is to use a static approach. It
means that we hope to understand the phenomenon by only potential energy
considerations. Let us briefly examine the solution of the different points
quoted in section 2.

1. The non fusion of very heavy system can be explained by the Coulomb
repulsion between the two ions which becomes so strong that the nuclear at-
traction cannot counteract it any more [7]. Consequently the pocket in the
total interaction potential for a head-on collision disappears, and the sys-
tem cannot fuse. When the following condition is fulfilled [2] :

411,

C,C,(Cy + Cp)

> 8.7 (2)

fusion is no longer possible. In eq.(2) C, and C, are the central radii of
the nuclef (C, = Ry - 1/R. and R, = 1.16 A}/3),

2. The region which is just above the Coulomb barrier can be understood
by looking if it is possible for the system to overcome the fusion barrier
associated to a given initial 2. There are now in the literature many inter-
action potentials which are able to well reproduce the fusfon data [8,9] .
This is the case for instance of the energy density potential [2,8] which
will be used through along this paper.

3. In order to explain the third point it was necessary to introduce a
more restrictive condition for fusion. In ref.[10] it was assumed that the
necessary condition for the fusion of two nuclei was not only to overcome the
barrier, but to reach a certain distance called critical distance for fusion.
However there is no deep theoretical justification for this notion.

4, The last point 1is hard to understand in a static picture, even using
the notion of critical distance.

Up to now there is no simple static picture, based on entrance proper-
ties of the system, which is able to describe the fusion cross section for
all heavy fon combinations, and for all bombarding energies in the range
going from the Coulomb barrier up to about 10-15 MeV/u . The reason for that
might be found in the fact that the dynamics plays an important role in heavv
fon collisions, or that one has to consider also the properties of the com-
pound nucleus (see the talk of S.M, Lee). We shall now show that the dynamics
is able to give an overall understanding of the fusfon process.



4. New concepts introduced by the dynamics

We know that in heavy fon collisions, where a strong overlap between
the two nuclei occurs, dissipation plays a very important role. In a nure
static picture, fusion is obtained, for a given 2 value, if the bombarding
energy is larger than the corresponding static fusion barrier associated to
this particular collision. However, friction may act before the system
reaches the static barrier and some energy loss in the relative motion will
result. This is illustrated in Fig. 5 for a head-on and for a non-central
collision. We see that, for the system to reach a barrier it will be
necessary to provide it with a certain amount of extra energy above the
static threshold. This supplement of kinetic energy is necessary to
compensate the friction forces which are acting before the system reaches the
barrier.

v

with friction

E
SNERCTHE IO
with no friction

Fig. 5 - Schematic illustration of the

10 fact that some extra kinetic energy is
needed to overcome the fusion barrier :

> on top is the case of a head-on collision.

In the bottom when the orbital angular mo-

mentum fs equal to Lpep. In this later ca-

ve , se the total interac%?on potential, inclu-

= Nicg = orbital angular momentum loss  4ing centrifugal energy, changes due to

angular momentum loss.
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For the largest & value leading to fusion, lca' we can show that the
condition for fusion can be written in the following way :

2 2

E = V(Re,

) +
CR 2u R2

+ AL (2)

The derivation of ea.(3) can be found in ref,[2,3], It is based cn the
fact that the energy loss in the %ancential motion {s, to a ¢ood acoroxima-
ticn, ecual to the change of the rotational ereragy. V is the total inter-
actien octential (ruclear + Coulemo) for a head-on collisicn, £ the fraction



of orbital angular momentum which remains in the relative motion after tan-
gential friction has acted, and p the reduced mass. AE is the dynamical ener-

gy _surplus and represents the extra energy which we have to provide the sys-
tem with in order to compensate for friction forces. For a given £ value the
minimum bombarding energy necessary for fusion will be called the dynamical
fusfon barrier. The dynamical energy surplus is then defined in the following

way :

dynamical energy surplus = dynamical fusfon barrier - static
fusion barrier

5. Dynamical description of fusion

In ref.[3] we have developed a simple dynamical model based on the pre-
ceding ideas. We describe the collisfon of the two heavy jons by means of two
macroscopic variables : the distance separating the center of mass of the two
nuclei and the corresponding polar angle. The dynamical evolution of the
system is followed by classical equatfons of motfon with friction forces
proportional to the velocities [11] (see ref.[3] for more details). According
to the one-body picture [12] the tangential friction coefficient is half the
value of the radial one. The main difference with other calculations based on
the same type of approach is the friction form factor, g(R), for which we
took the following expression :

1

g(R) = (4)

5'0075)
0.2

1 + exp(

where s reoresents the distance separating the two surfaces of the two nuclefd
at half density. With the above expression for g(R), and with the same value
for the friction coefficient, we were able to reproduce the fusion excitation
functions of a very large number of systems [3]. In fig. 6 we illustrate, on
a few examples, the results obtafined with such a simple mcdel. 'Ye want %o
stress that this simple model allows to explafn all the four pofnts discussed
in section 2.

From this dynamical calculation it {is interesting to plot AE as a func-
tion of Sflcq’ the positicn of %he fusien barrier corresconding tc 2 = fiCR'

It turns out that there is a strong correlation between these “wo cuantities,
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Fig. 6 - Comoarison of the experimental fusion cross sections with those
comouted using the dynamical model of ref.[3] for the references correspon-

ding to the experimental points see ref.[24],

Extracted from ref.[24],




This is shown is Fig. 7. The mean behaviour followed by AE can be paramet-
rized by the following expression [3] :

AE = 1100 (1.57 - s., 12 for s < 1.57 fm
and (5)
AE = 0 for s > 1.57 fm
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Fig. 7 - Dynamical energy surplus needed to pass the fusion barrier as a
function of sfxcR the position of the fusion barrier for 2 = ficp . From

ref.[3].
As we can see from Fig. 7, AE increases a lot when S¢q becomes smaller
CR

than ~ 1 fm. This means that if it 1s necessary for the system to reach a
distance smaller than 1 fm in order to fuse, AE will become so large that
fusion will no longer be possible in practice. This shows the existence of a
saturation distance beyond which fusion is not possible.

The fusion cross section defect which was observed in points 3 and 4 of
section 2 arises from the existence of a dynamical energy surplus. This can
be more clearly seen in the expression of the fusion cross sectioen :

v( ) + AE

R
f1

¢ =g R2 (1 - CR
F flCR £

) (6)



where we see that it now enters the dynamical fusion barrier V(Rfl ) + AE
CR
instead of the static one V(Rfl ). The dynamical and the static fusion bar-
CR
riers are in most of the cases equal (AE=0) except at high bombarding ener-

gies (large 2 values) and for very heavy systems.

In conclusion we see that a very simple model, based on entrance channel
properties, is able to well reproduce the experimental fusion cross sections.
It gives us an overall understanding of the fusion process and more precise
experiments are now needed to check this approach.

2. FAST FISSION

We shall now investigate what happens to the fused system.
1. Compound nucleus formation and fast fission

A compound nucleus is a system which has completely forgotten its forma-
tion except for some macroscopic parameter like the excitation energy, or the
angular momentum, which have to obey conservation laws. When we form a com-
pound nucleus by heavy ion collisions, it has some excitation energy and
angular momentum. We know that the effective barrier against fission de-
creases when the compound nucleus has more and more angular momentum [13].

For some particular L value, which we shall call g s the fission barrier
f
vanishes. Consequently it is not possible to form a compound nucleus with an

angular momentum larger than g - If fusion would be identified with compound
f
nucleus formation, then Lep € 13 . However many experiments have shown that
f
this s not the case and 2,5 can exceed xbey a large amount [14]. Therefore,

after a careful analysis of the situation, one is led to conclude that fusion
cannot be identified with compound nucleus formation. The new auestion we
have to answer, {in case where Lep > Ag.» {5 the following : what do we form

f

when xsf < L < 1CR?

Experiments looking at the fission iike mass distribution of the Ar + Ho
system at different bombarding energies have observed a strange behaviour 1s
the evolution of the FWHM of this distribution with the excitaticn energy of

the comoound system [15] (see Fig. 8) : when & values larger than 1y start
f
to contribute “o fusion (as indicated in Fig. 8) one observes an increase of

the FWHEM which canrct be understcod by the thermal fluctuations associated %o
an increase c¢f the temoerature of the fused systam, This led the authors of



ref.[15] to propose, when & > 1g , the existence of a new mechanism which
f

would correspond to the fission of the composite system after mass asymmetry
has relaxed to equilibrium. The observed mass distribution of the fission-
1ike products would consist of the sum of fission products followinag compound
nucleus formation, and of this new mechanism (called fast fission [16]).

The first mechanism has to
. u ) ; — have a smaller FWHM of the
- 1 mass distribution than the
80 18" . 67Ho 4 second. This hypothesis
might be confirmed by more
recent experiments, dealing
with similar projectiles but
with heavier targets, for
which fast fission contrib-
utes more and more to the

r (a.m.u.)

fusfon cross section.

af The existence of fast

i fission s difficult to
0 ;0 160 1;0 260 infere from the experiment
E* (MeV) and it is just a convenient

_ hypothesis to explain the
Fic. 8 = Full width half maximum, I', of the
fissfon 1ike-mass distribution, as a function  dat2. We shall now see that
of the excitation energy of the fused system, there exfists theoretical
for Ar + Ho. The dots are the experimental .
points in ref.[15]. The full curve is the re- calculations which predict
sults of the calculation- of ref.[14]. this mechanism in a natural

way [4,14].

2. Dynamical model for fast fission

When two heavy ions strongly overlap, new shape degrees of freedom are
excited. For instance a neck appears between the two heavy fons, creating in
this way a single composite system with two centers. If we want to follow the
future evolution of the fused system, we need to have a good description of
these changes of shape. The main effect of these excitations is to transform
a potential landscane where the two nuclef are spherical (sudden notentiai),
in one where scme of the shape degrees of freedem have relaxed to ecuflibrium
(adiabatic potentfal). If our aim {s also to describe the statistical (or



quantum) fluctuations associated to the macroscopic variables, it is an
enormous work to take into account explicitly, and in a realistic way, of the
deformation degrees of freedom. One way to surmount this difficulty is to
simulate the deformations by a transition between a sudden and an adiabatic
potential.. This has been done in ref.[4] where a dynamical transition between
a sudden potential [17] in the entrance channel, and an adiabatic [18] one in
the exit channel was performed. The completeness of the transition depends on
the overlap between th two nuclei. The sudden potential describes the en-
trance channel (fusion valley) and is the relevant one to know whether the
system will fuse or not. After fusion has taken place, the future evolution
of the system will be mostly determined by the adiabatic potential which
describes the fission valley.

The model of ref.[4] describes the collision of the two nuclei by means
of four macroscopic variables ; the distance separating the two nuclei, the
polar angle, the mass asymmetry of the system, and the neutron excess of one
of the fragments. A1l the deformation degrees of freedom are simulated as it
is described above. The dynamical evolution of the system is followed by
means of a transport equation, derived by Hofmann and Siemens [19], which
allows to describe, in a consistent way, both dissipatfon and fluctuations.

When some conditions are fulfilled the model reveals the existence of a
mechanism which {s intermediate between deep inelastic reactions and compound
nucleus formation : fast fission. This is illustrated in Fig. 9 where typical
mean trajectories are shown as a functfon of the mean mass asymmetry, and of
the mean radial distance, for the 320 MeV Ar + Ho system.

The fast fission trajectory corresponds to 2275. In.this case the system
is trapped in the pocket of the entrance potential. Mass asymmetry relaxes to
equilibrium and, at the same time, the sudden pntential switches to tne adia-
batic one. However, since & > le = 72, the compound nucleus has no fission

barrier. Therefore no pocket in the adfabatic potential will prevent the
system to divide into two almost equal fragments.Such a mechanism procedure
faster than ordinary fission (in about ~ 10-2’ s), does not go ‘hrough a one-
center configuration, but always remains a two-center system.

When & < 13 s 72, we form a real compound nuc;eus because when the sys-
f
tem is trapped in the sudden potential, it remains traooed in the adfabatic

one.
Therefore, fer a system like Ar + Ho, with lep > 25 , we have cerpound
LA l-;

nucleus formation for all 2 values smaller than 2g and fast fission when
£



g < 1< Lepe When the size of the fused system increases, the saddle con-

f
figuration becomes more and more compact. For big compound nuclei it can be
less elongated than the pocket configuration. This occurs for instance in the

case of a symmetric system, when [2] :

22
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Fig. 9 - Few mean trajectories for various initial values of the orbital
angular momentum, %, plotted in the plane : radial distance-mass asymmetry.
Three kinds of mechanisms are {1lustrated in this plot : 1) for 22195 we have
a quasi elastic collision : 1ittle mass and energy transfer, 2) for =138 we
have a deep inelastic reaction : the total kinetic energy is completely re-
laxed and some mass transfer occurs. 3) for =75 we have fast fission : see
text. Extracted from ref.[4].

Then, even if 2 < g the system cannot lead to a compound nucleus. Indeed
f

tre configuration of the trapped system is more elongated than the one asso-

ciated to the saddle configuration. Consequently, even if the system {is trap-
ped fn the entrance channel, since it is located outside the fission barrier

ft will produce fast fission instead of forming a compound nucleus.

Since the dynamical model used in ref.[4] fs based on a transport equa-
tion, we are able to calcuiate the statistical fluctuations associated to the
macrosconic varfables which are treated explicitly. This is for instance the
case as far as the FWHM of the fast fission mass distributfon s concerned.
Adding to this calculatfcn the FWHM corresponding to true fission (from



ref. [20]) we can directly compare the FWHM of the fission-1ike mass distri-
bution with the experimental one, at different bombarding energies. This is
shown (full line) in Fig. 8 and we can see a rather good a2greement between
the calculation and the experimental data. '

3. Summary

With the dynamical model of ref.[4] we can predict the existence of 4
types of dissipative heavy fon collisions. They are schematically illustrated
in Fig. 10 where the sudden and the adiabatic potentials are represented as a
function of R, the distance separating the two nuclei. This one dimensional
representation is just to get a feeling of what is going on during the col-
lision but, in the real calculation, the dynamical evolution of the system
occurs in multidimensional space. In addition to the two usual dissipative
heavy ion collisions (deep inelastic reactions and compound nucleus forma-
tion) we see that an extra one appears : fast fission. This new mechanism is
intermediate between the two preceding ones. It occurs when the system fuses
but when the conditions are such that it cannot remain trapped long enough to
reach a compound nucleus. This happens either when the fission barrier has
vanished due to angular momentum, or when the saddle configuration is tco
compact.

In Fig. 11 we summarize the conditions under which fusion and fast fis-
sion occur.

The above picture allows to understand the experimental facts which
could not be understrod in the usual scheme of heavy ion reaction. This is
done without changing anything in our all knowledge concerning deep inelastic
and compound nucleus reactions. However, from the experimental side clever
experiments are needed in order to show definitely 2 c¢lear evidence of fast
fission.

I11. CONCLUSION

During the recent years a great progress has been done in understanding
fusion. In this talk we have shown that it is possible to describe the fusicn
excitation function by only considerations on the entrance channel. We have
seen that the dynamics plays a very important role in determining if fusion
occurs or not. This leads us to the introduction of dynamical fusion barriers
and of a dynamical energy surolus which is an extra energy abtove the static
barrier that we have to nrovide the system to ccmpensate the dissipaticn.



As far as the subseaquent evolution of fusfion is concerned, we have de-
scribed a dynamical model which proposes a new mechanism which is intermedi-
ate between compound nucleus and deep inelastic reactions. It occurs either,
because of an instability of the compound nucleus with respec” to rotation,
or because we cannot reach a configuration compact enough for compound nucle-
us formation.

THE FOUR TYPES OF
DISSIPATIVE HEAVY (ON COLLISIONS

Deep inelastic collision Compound nucleus formation
v vh
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Fig. 10 -« Typical illustration of the four dissipative mechanisms occuring in
a heavy ion reaction : Top left : the system is not trapped but it looses

a lot of kinetic energy in the relative motion : we have a deep inelastic
collision. Top right : the system is trapped in the entrance channel. The
sudden potential goes to the adiabatic one but the saddle configuration is
elongated enough to keep the system trapped : we have compound nucleus forma-
tion. Bottom left : the system is trapped but the fission barrier of the
compound nucleus has vanished due to angular momentum. Therefore it disinte-
grates in two almost equal fragments because mass asymmetry has time to reach
ecuilibrium :; we have fast fission. Bottom right : the compound nucleus

has a fission barrier but the saddie configuration is too compact to keep the
trapoed system : we have also fast fission (or quasi-fission [22]).

For the moment we feel that the theories [2-4,21-23] are in advance
cemoared to the exoeriments and the near future should be cevoted to high
resoiution systematic measurements %o confirm or infirm all tre details
oredi¢ted by the different medels which 3re available.
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Fig. 11 = Summary of the different mechanisms following fusion, and of their
domain of occurence. '

[t 4s a pleasure for me %o thark Christian Grégoire, Renée Lucas,
Bernard Remaud, Tifna Suomijidrvi and €. Tomasi for <heir collaboraticn in
some of the results presented 1n this talk, I would also Tike <o thark Mrs,
£1iare Thureau for tyning the manuscrict and J. Matuszek for drawing the
ficures,
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