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Abstract

We review the following aspects of fusion reactions in the tandem energy re-
gion : the experimental definition of the fusion, the experimental techniques to
measure fusion cross sections, the analysis of the data in terms of critical angu-
lar momentum, the static and dynamical interpretations of the fusion process.

Tandem accelerators are very useful tools for investigating the fusion pro-
cess. In the energy range provided by these accelerators the fusion cross section
is a large part of the total reaction cross section. Up to now an averall under-
standing of the fusion process has been reached but many questions still remain
open. Therefore many carefull and systematic investigations are needed for a com-
plete understanding of this phenomenon.

[t is of great interest, for many purposes, to realize the fusion of two heavy
jons. For instance in order to investigate highly excited nucleéi, to learn about
high spin states, to synthetise exotic nuclei etc... Furthermore the fusion pro-
cess is also very passionating in itself because it is the most dissipative me-
chanism investigated so far in heavy ion collisions : a1l the nucleons of the sys-
tem are involved, all the initial kinetic energy in the relative motion of the in-
cident fons is transformed into excitation energy of the fused system, all the or-
bital angular momentum is also lost creating in this way highly rotating compound
nuclei. Therefore, it is crucial to know under which conditions two heavy ions can
fuse together.

1. Experimental definition of the fusion cross section

When two heavy ions fuse together we usually form a compound nucleus, or
something close to it, with some excitation energy and angular momentum. Conse-
quently it will deexcite by emitting 1ight particles and v rays leading to what is
called residual nucleus, and, if the fission barrier is small or reduced sufficen-
tly by angular momentum, it will fission.

The fusion cross section, of, is defined as the sum of two terms : the evapc-
ration residue cross section, ogr, which corresponds to nuclei with a mass close
to the one of the compound nucleus, and the fission cross section, s¢, which cor-
responds to products which have a symmetric mass distribution around a mean value
which is about half the comoound nucleus mass
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When 14ght compound nuclei are formed, the evaporation residue cross section
is a large part of the fusion cross section. [t is the contrary for heavy compound
r .l¢1 where the fission cross section is almost identical to zf. lihen very heavy
projectiles are involved, the fusion cross saction goes to zero. This napoens more
precisely when the product 7,7, of the atomic numbers of the projectile and target
nuclei is larger than about 2500-3000. On the other nand, at bombarding energies
larger than about 10 MeY/A the fusion between the two incilent nuclei {s no longer
ccmplete in the sense that all the nucleons merge into a single excited system.
Fast particles, p,n,s,... can be emisted it the very beginning of the reaction and
the two remaining fragments can subsequently fuse together and ‘orm a compound
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nucleus with a2 mass smaller than the mass of the total initial system. This me-
chanism is called incomplete fusion.! At high bombarding energies it is very dif-
ficult to separate complete and incompete fusion. Usually a measurement of both
contributions is performed.

It should also be noted that fusion does not necessarily mean compound nu-
cleus formation. In some cases the angular momentum of the fused nucleus is larger
than the value for which the fission barrier of the compound nucleus vanishes. In
this case we do not form a compound nucleus but a kind of equilibrated two center
system which will fission in two fragments. Such a process has been called fast
fission.? It also contributes to the fusion cross section because the mass distri-
bution of the fast fission products is similar to the one of the fission following
compound nucleus formation. In this way one usually talk about fission 1ike frag-
ments as far as these fission and fast fission products are concerned.

Fast fission phenomenon can also occur if the angular momentum of the fused
system is smaller than the value for which the fission barrier of the compound nu-
cleus vanishes. The mechanism is then called quasifission.! It happens for sys-
tms «hich should give a2 compound nucleus with a fissility parameter Z2/A larger
than ~ 40. In this case the compound nucleus cannot be formed, even if it has a
non vanishing fission barrier, because its saddle configuration is too compact to
be reached by the two center composite system formed during the reaction which
will, therefore, decay in two fission 1ike fragments.

We can summarize the above sityation by saying that the mechanisms contribu-
ting to the fusion cross section are : compound nucleus formation, incomplete fu-
sion, fast fission and quasifission. Of course, for a given system we do not have
necessarily the occurence of the four preceeding mechanisms at the same time. Howe-
ver the way the fusion cross section is experimentally defined, as the sum of the
evaporation residues and of the fission 1ike cross sections, has no ambiguity. The
ambiguity only comes when we want to decompose this cross section in the contriby-
tion of different mechanisms.

Nevertheless it should be noted that it is not always very easy to measure
the fusion cross section. [ndeed for symmetric systems in the entrance channel it
is hard to deduce a fission cross section because the symmetric mass distribution
is spoiled by a contribution from completely energy relaxed deep inelastic pro-
ducts. Another problem also comes in the measurement of the evaporation residue
cross section of very asymmetric systems at high bombarding energy. In this case
the compound nucleus is very excited and can evaporate a lot of particles. Conse-
guently the evaporation residues can be mixed with deep inelastic products naving
a mass close to the one of the target.

2. Experimental techniques for fusion cross sections measurements

We shall now very briefly quote some of the main different techniques which
can be used to measure the fusion cross section.

The simplest way to get the fission cross section is to detect the fission
fragments by means of a time of flight telescope Tocated at a laboratory angle
which corresponds to an emission angle, of the fragments in the center of mass
system, close to 90°. The reason is that one usually assumes that the angular dis-
tribution of the fission fragments, in the center of mass system, is K/sine. Con-
sequently in the 90° region the cross section is very flat and this makes easy t¢
calculate the total fission cross section. The time of f1ight talescope can be for
instance a carbon foil located close to the target associated to channe! plates
which will multiply the number of primary electrons created in the carbon foil
when the fission fragment passes through it. This detector provides a start si-
gnal. The stop signal is usually given by a fission solid state detector located
at the time of flight distance from the carbon foil. The s011d state detector also
delivers an energy signal. The fission fragments are usually well separated frem
the other contributions if we look at the energy versus time of flight two-dimen-
sional spectrum.

3ecause the fission process is binary and, at low bombarding anergy, corras-
ponds t0 full linear momentum transfer, it is in most of the cases sufficient to
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detect only one of the fragments. However, when very heavy targets are used, the
quasi target nuclei, which result from a deep inelastic process, can undergo fis-
sion. Such a process is called sequential fission“ and these fission fragments
usually spoil those coming from fission following complete fusion. They can be re-
moved if we require the coincidence between the two fragments. This can be done
using for instance a multiwire proportional parallel plate counter as the one de-
velopped in ref.3 and which provides a localization of the correlated fission
fragment in two dimensions. In fig. 1 are shown for the '5C1 + 2% gystem at

320 MeV [ref.®]) the localization spectra in a direction parallel to the reaction
plane (fig.la) and perpendicular to it (fig. 1lb). The out of plane correlation
comes from the deexcitation of the fission fragments by particle evaporation. For
the other correlation there is in addition to the previous effect another broade-
ning coming from the energy and mass distributions of the fission fragments. By re-
quiring the coincidence between the time of flight telescope and this detector we
can remove most of the sequential fission products.

The measurement of the evaporation residue cross section is a little bit more
involved since one has to move close to the beam axis. The evaporation residues
are usually identified by time of flight, or E-AE, or time of flight-E-AE teles-
copes. To get the total evaporation residue cross section it is needed to measure
their angular distribution. The main experimental problem which arise in this kind
of experiment is the relative normalization between the different angles, as well
as the absolute normalization with the elastic scattering in order to get ggr. This
necessitates a very good knowledge and stability of the beam axis, and alsc a very
good beam quality. Such a measurement can nevertheless be simplified and the pe-
riod of beam time be shortened if one measures several ancles at the same time.
This can be done for instance using a large area E-AE position sensitive ioniza-
tion chamber as the one developped by Sann et al.” In this case we can cover 22°
in the reaction plane and as a consequence, in most of the cases, get the whole
angular distribution of the evaporation residues at the same time. Such a set up
has been used for instance to measure the “°Ca + “°Ca evaporation residues excita-
tion function.’

3. First analysis of the fusion cross section -

Very often the results concerning the fusion cross section are presented in
terms of the critical angular momentum for fusion LcR. This quantity is obtained
from the experimental fusion cross section in a very simple and natural way which
is nevertheless based on a few assumptions. The fusion cross section can be writ-
ten in the following way :

T
gr = — I (2+1) T (2)
Fk 1e0 :
where k is the wave number :
-Zut
ko g (3)
—

(4 the reduced mass and Ecy the center of mass energy) and T, the transmission
coefficient in the fusion channel for the 1 wave. [t is usua%Ty assumed that it

is the lowest 1 values which contribute to fusion. Furthermore, because the redu-
ced wave length (* s 1/k) of the system is small compared to the dimension of the
nuclei, the T; will go very rapidly to zero, in a range which is small compared to
the number of % values contributing to the fusion process. This means that the
sharp cut off approximation where sne assumes that T, goes from unity to zero fs
not £00 bad. Consequently we can rewrite zp as :
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Fig. 1 - Spectra obtained with the multiwire proportional parallel piate counter

of ref.® in coincidence with a solid state detector (see text). a : in directions

parallel %o the reaction plane ; b : perpendicularly to it. These data have been
taken on the 320 MeV C1 + U system investigated in ref.%,
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In this way we have defined the critical angular momentum which is the largest 1
value leading to fusion.

It is interesting to parametrize the fusion cross section in terms of the
critical angular momentum and look at its dependence upon the initial conditions
of the reaction. The first important parameter on which depends icgp is the bombar-
ding energy : it increases as the bombarding energy increases. Furthermore,
Zebeiman and Miller? have shown by forming the same compound nucleus, with diffe-
rent sets of projectiles and targets, that %cp is a property of the entrance chan-
nel and not of the compound nucleus.

The evolution of the fusion cross section, for a given system, as a function
of the bombarding energy exhibits three types of behaviour, depending on the ener-
gy range (see fig. 2) :

- In region 1, just above the fission threshold, the fusion cross section is line-
ar as a function of the inverse of the center of mass energy. This is illustrated
in fig. 3 for the Ni + *35C1 systems.!® Close to the fusion threshold there are de-
viations from a straight line which can be explained in terms of quantum penetra-
tion of the fusion barrier.

- In region 2, of is also linear as a function of the 1/Ecm but the slope has
changed. In some cases, as it is illustrated in fig. 4 for the '°0 + 27A] system
(ref.}!], the slope can even be positive. Therefore in region 2 there is a reduc-
tion of the fusion cross section compared to what would be expected by the extra-
polation of region 1. -

- Very few investigations have been done in the third regime but it seems that
there is a dramatic decrease of the fusion cross section due to a saturation of
the critical angular momentum. Furthermore, at these high bombarding energies, the
fusion cross section is very likely spoiled by incomplete fusion. Fig. 5 illustra-
tes on the Mg + ®!Cu system'? the possible existence of this regime.

The other piece of information which is very important is that heavy systems
do not fuse anymore and this occurs when the product Z:7; of the two atomic num-
bers of the projectile and of the target is larger than about 2500-3000.

4. Static interpretation of the fusion process

The aim is to understand, in the simplest way, the experimental results and
if possible to predict fusion cross sections. Static models are very helpful in
that respect. They are based on the fact that x is small compared to the dimen-
sions of the system. This means that the two incident heavy ions will move on
classical trajectories. Consequently the collision will be governed by the inte-
raction potential between the two nuclei and we need to know this gquantity for any
interpretation.

The interaction potential between two heavy ions is usually calculated in the
sudden approximation which assumes that the density of the two nuclei remain fro-
Zen during the collision. Such an approximation is a good one if the overlap bet-
ween the two nuclei is not too large. This turns out to be the case for the confi-
guration where the fusion process is decided. This is not too surprising since we
1ave seen above that the fusion cross section mainly depend upon the entrance chan-
nel. The energy of the system corresponding to a superposition of the nuclear den-
sities of the two fons can be calculated using for instance the energy density fore
malism*® which appears to be quite powerful and simple for such a calculation. In
this formalism the energy density of a .uclear sy..a :(r) can be written as a
functiona’ of the one body densities :

e(F) = £ [50(F) 4 0,y(F) 4
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Fig. 2 = Schematic representation of the 3 regimes observed in fusion studies. er
is the fusion cross section and £ the center of mass energy.
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Fig. 3 - Fusion cross section versus the inverse of the center of mass bombarding
energy. The experimental points are from ref.'°. The full and the dashed curves are
calculations done using the energy density potential of ref.:?,
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where cp, op and oc are respectively the neutron, proton and charge densities. The
total energy ¢ of the nuclear system is obtained by integrating this energy densi-
ty over the whole space :

€. J e(F)dr (6)

The inputs which are necessary to calculate ¥ are the analytic expression of the
functional (which is not unique) and the parameters entering in its expression.
These parameters are usually determined from the properties of infinite nuclear
matter and from the binding energy of 2 given nucleus. The densities which are

used in the calculation can be either generated by minimization or taken from other
calculations. In the case of the sydden approximation, the interaction potential
V(R), is expressed as :

VR = [ Celo, +0,) - &(oy) - elo,) ¥ F

where o; and p, stand for the set of densities of the projectile and of the tar-
get. R is the distance separating the center of mass of the two nuclei.

The total interaction potential V(R) can be decomposed into two parts, a nu-
clear part VN(R), and a Coulomb part Vc(R) :

V(R) = Vy(R) + Vc(R) . (7)

In fig. 6 are shown the nuclear, Coulomb and total interaction, potentials as a
function of R for the Ar + Au system and for a head-on collision'“. We observe that
V(R) exhibits a barrier, which is called fusion barrier, around 11 fm. It also
exhibits a pocket located around 9 fm.

Static models usually assume that the 2 ions should come close enough to each
other in order to fuse. The first guess is that they should overcome the fusion
barrier. Then the overlap will be sufficient so that the system could be trapped,
by friction forces for instance, into the pocket of V(R). In fact the two heavy
jons are shooted on each other with different values of the impact parameter i.e.
with different value of the orbital angular momentum 1. The total interaction po-
tential including the centrifugal energy, V;(R), is given by :

V,(R) = V(R) + HEELAZ (8)
% 2uR?

Such an effective potential will, in many cases, have a barrier Va(Rr(2)) Tocated
at R{(z). [f it is necessary for the system to overcome the fusion barrier the cri-
tical angular momentum will be given by the following expression :

E = V. (R,(4 9)
o Yy Relicr) (

which expresses the fact that the center of mass energy is equal to the height of
the barrier (no kinetic energy at this point). Eq.(9)‘can be rewritten as :

2"R2(Z ) !
i - U )
= w7 V(RpligR)) (10)

assuming that Ry(i) = Rp(0) = R, (11)

and leglteg * 1) = (g + 1)t
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we can deduce that :

v
g = 7 Rf[v. 'F;—j (13)

where V. = V(R{(0)) is the fusion bz.,rier for a headoncollision. Eq.(13) shows
that the fusion cross section is linear as a function of 1/Ecm as it is observed
experimentally. From the experiment we can therefore deduce V,, and Rp.

The above considerations would only predict one regime in the fusion cross
section as a function of 1/EcM. This regime turns out to be the first one. However,
as tre bombarding energy increases, we are very often faced with anew regime where
the fusion cross section is smaller than the one extrapolated from low energies
using eq.(8). Because in the new regime o looks also linear as a function of
1/EcM, it is tempting to parametrize the fusion cross section by an expression si-
milar to eq.(13) :

2 Ve
oFszc[l r;} (14)
where R? is now & new distance called critical distance and V¢ = V(Rc). From the
critical distance it is possible to deduce a critical radius parameter r¢ :
Re

" 1/ Y2
Ax + A2

(15)

Now the physical interpretation is the foll~wing and has been proposed by
Galin et al.!* In the second fusion regime it is necessary for the system to reach
a critical distance. But the nice thing in this idea is that the radius parameter
rc turns out to be almost constant for all systems (re = 1 fm). From the experi-
méntal data it is easy to deduce R; and V¢ and this a?so provides our knowledge of
interaction potentials with a useful information.

The reason why there is a transition between the two regimes comes from the
fact that for small % values Vo < V,,. Consequently to reach Rc it is first ne-
cessary to overcome the fusion barr*er. However when 1 increases, due to the cen-
trifugal energy which increases much more at R. than at Ri(1), the effective cri-
tical potential V¢ + £(£+1)ﬂ2/(2uRé) becomes larger than V,;(Rf(1)). Consequentiy
to reach the critical distance it is not sufficient 20 overcome the effactive fu-
sion barrier : one should give an extra energy. As a consequence cp is smaller.

The above considerations concerning the two regimes have been presented by Glas

and Mosel.'® Despite the success of the notion of critical distance, which is very
useful for parametrizing the experimental data, there is still no real theoretical
foundation of this notfon. Furthermore the concept of critical distance, with a
constant value of re, cannot explain the two following experimental facts : 1) that
very heavy systems So not fuse ; 2) that there exist a third regime.

At this step it is necessary to introduce another conditfon for a system to
fuse : we need that the total interaction potential for a given partial wave pre-
sent a pocket to trap the system. [f it is so, the system has time to reorganize and
to reach a fused configuration. Otherwise it reseparates immediately. The system is trap-
ped into the pocket due to friction forces which will act as soon as it reaches
the interaction region, Of course such friction forces are not described by the
static model. [f we apply this necessary condition to the energy density potential
we find that indeed, very neavy systems characterized by Z.Z, % 2500-3000 cannot
fuse because the pocket has disappeared aven for a nead-on colifsion.

Such a condition also explains the existence of a third regime at high bom-
barding energy. Indeed the pocket can disappear because of angular momentum. The-
refore when the bombarding energy is very high, large values of . are involved and
the system cannot De trapped anymore because of the disappearance of the pocket due
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to angular momentum. This will lead to a 1imiting value of tne critical angular
momentum. [t should be noted that the value of % where V,(R) uoes not present any-
more a pocket is not the same as the limiting value of the critical angular momen-
tum. Indeed, because of tangential friction, some orbital angular momentum is lost
and, in the course of the collision, the system will feel a different potential
Vo(R). If we call %14y this 1imiting value, we will have :

(18)

This expression, which will describe the third regime, shows that c. decreases 1i-
nearly as E., increases. However in this interpretation there is stfll an unknown,
namely the amount of orbital angular momentum lost at the beginning of the reac-
tion. An alternative explanation to the preceding one conzists in saying that the
compound nucleus becomes instable with respect to rotation when the angular momen-
tum it carries, is larger than ig¢, the value for which its fission barrier va-
nishes. Consequently we would expect that the critical angular momentum is bounded
by 28¢. However, for medium systems it has been shown that iCR can be larger than
8¢ wgich means that fusion is not necessarily compound nucleus formation.?

Another kind of static models have been developped in order to explain of.
They are not based on entrance channel effects but, on the contrary, assume that
the limitations for fus‘on are due to compound nucleus properties and more preci-
sely on yrast line limitations.'® They have been mostly applied to 1ight systems
sometines with some success. We will not describe them but refer the reader to
ref.!” for more details.

Now we can come back to the experimental results presented in figs. 3-5 and
see ?g which extend they can be reproduced by the energy density potential of
ref.

In fig. 3 the full line at small bombarding energies (large values of 1/Eqy)
is calculated by eq.(13). It rather well fits the experimental data except in the
region close to the barrier where we observe a deviation due to quantum penetra-
tion which is not taken into account in eq.(13). This line is extrapolated by the
dashed Tine which should not apply if the critical distance would work in this
region because, then, we would et the second full line for large values of Ecpm.
Nevertheless we see that the experimental data are not reproduced in this case if
we uie the concept of critical distance and that they are better reproduced by
eq.(13).

In fig. 4 we clearly see the need of using the critical distance concept to
describe the second regime which is here quite apparent. A reasonable description
is obtained alt ough the excitation function is not reproduced in details.

In fig. 5 we show the calculation for the Mg + Cu system. As far as the cri-
tical regime is concerned, two values of r. have been chosen: 0.1and0.95 fm. The
latter value seems to better fit the exper?menta1 data. At high bombarding energy
we see a deviation from the critical distance regime and this part is better des-
cribed if we look at the disappearance of the pocket of V(R) due to angular mo-
mentum and assuming that the sticking Timit is reached.

Finally we show in fig. 7 the experimental data of ref.?’!® for the Ca + Ca
system together with a calculation using the energy density potential and taking
into account barrier transparency by means of the Hill and Wheeler formula.'® For
this system we are in the first regime and we get a good fit of the data. [t
should be noted that the energy density potential works better for nuclef with a
mass larger than ~ 20-30 because it is basically equivalent to a leptodermous ap-
proximation which does not work well for 1ight nuclei. This can be clearly seen
in fig. 8 where the error in percent between the calculated and the experimental
fusion barriers are plotted against 7,7, for different systems. This comparison
was done in ref.?? using the energy density potential of ref.'’, For medium sys-
tems we see that there is a tendancy to overstimate the fusion barrier by about

%. Systems characterized by Z,Z; 5 100 are too Tight for applying this potential
but nevertheless the error is in many cases smaller than 6 %.
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5. Dynamical interpretation of the fusicn process

Heavy ion reactions where a large number of nucleons are involved, like fu-
sion or deep inelastic reactions, can be described in terms of a few macroscopic
degrees of freedom which are of collective nature. These degrees of freedom are
coupled to the remaining ones, the intrinsic degrees, which have a fast relaxation
to equilibrium. This means that, as far as we only consider the macroscopic de-
grees, there is dissipation. A dynamical description of the collision can be done
in terms of classical equations of motion (Newton equations) with friction forces.?!
More involved approaches even include the fluctuations around the classical trajec-
tories.2? In these dynamical approaches, fusion corresponds to the case where the
system canbe trapped into the pocket of the interaction potential due to friction for-
ce. The simplest model of this type, proposed by Gross and Kalinowskil! describes
the collision with only two macroscopic variabies R and 8, the radiai distance and
the polar angle. This model was quite successful in reproducing many fusion cross
sections. Systematic calculations along this 1ine have been performed in many sys-
tems and a reasonable agreement was obtained. In fig. 9 is shown the result of a
calculation which we have performed?® with a rather involved dynamical model?* for
different systems. We observe that we have a rather good description of the data.

[t should be noted that in dynamical calculations we only observe two regimes
in the fusion excitation function although we get a reasonable agreement with the
experimental data.The first regime, at low bombarding energies comes from the fact
that the system has to overcome the fusion barrier {this i$ similar to the case of
static models). However at higher bombarding energy the fusion limitation comes
from the disappearance of the pocket in V(R) due to angular momentum. Therefore
there is no need to introduce the critical distance concept.

[t should also be noted that dynamical and static models will give aimost
the same fusion cross section in the first regime provided we use the same inte-
raction potential. This could appear to be surprising since in a dynamical calcu-
Jation the system will lose energy before it reaches the fusion barrier due to
friction forces. Therefore we would expect a smaller gp. In fact it also loses
angular momentum and it turns out that if the radial friction coefficient is half
the value of the tangential friction one, both effects compensate.:’ The energy
loss in the radial motion is compensated by the loss of orbital angular momentum
which leads to a decrease of the fusion barrier. This condition between radial
and tangential friction is predicted by the one body dissipation.?®

The main advantage of dynamical models is that they also allow to calculate
other properties than the fusion cross section. [n particular, depending on their
degree of sophistication, they are able to describe many deep inelastic properties.
However if we are only interested in fusion data, static models do as a good job
and sometimes even better than dynamical models which are more difficult to ope-
rate.

6. Conclusion

We have seen in this brief review that we are now at a stage where we have an
overall understanding of the fusion process. We should nevertheless not be too
much optimistic because we have also seen that the agreement between the models
and the data is not always perfect. More systematic investigations of the fusfon
excitation function with high resolution detection set up are needed. The new
Legnaro tandem accelerator appears in that respect very useful and, without any
doubt, we will see very soon many passionating results concerning this field.

I am grateful to the Legnaro National Laboratory for €inancial support. !
would also like to thank Mrs F. Lepage and £. Thureau for the material preparation
of this manuscript.
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