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ABSTRACT

In these notes we review, in a schematic way, some aspect of
the physics with heavy ions. In the first lecture we review how
is possible to describe the dissipative phenomena observed above
the Coulomb barrier, up to 10-15 MeV/u, using transport theories.
The second lecture is devoted to the question of fusion and the
appearance of a new mechanism : fast fission. It is shown that one
can now have a global understanding of these phenomena within
single picture. The third lecture presents, in a simplified way,
some results obtained recently with heavy ions in the range of
30-50 MeV/u at GANIL and SARA,

Lecture I : Dissipative phenomena in heavy ion physics.
Lecture IT : Fusion and fast fission.

Lecture III : Some aspects of the physics between 20
and 50 MeV/u.
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Lecture 1 : DISSIPATIVE PHENOMENA IN HEAVY ION PHYSICS

With nuclei we can investigate two sorts of things. First we
can try to understand their structure using different probes 1like
electrons, nucleons, nuclei, ... which we use to bombard target
nuclei. From the experimental information obtained in these exper-
iments, we try to understand how they are made and why they exist.
For that it is necessary to develop models which explain their
structure and could possibly do also predictions. The problem is
really understood when the explanation, as well as the description
of their nuclear structure, becomes simple but based on micro-
scopic grounds.

It is also interesting to understand what happens when two
nuclei interact with each other. This concerns the investigation
of the reaction mechanisms and is a second thing which can be done
with nuclei. Such studies become very interesting if what we ob-
serve is different from what is expected from the simple free
nucleon- nucleon interaction when it is folded to take into ac-
count of the size of the nuclei. This is for instance the case
when a coherent motion of nucleons can be observed, because it is
really a new feature compared to a result consisting of only an
interaction between single free nucleons.

The domain of heavy ion reactions corresponding to bombarding
energies < 10 MeV/u has shown the existence of collective dissi-
pative motions.! This fact is rather unique in nuclear physics and
the domain dealing with these cooperative phenomena has been
calied macrephysics. This field allows to study microsystems in
strong interaction at, and out, of equilibrium. This is a rather
unique opportunity for statistical physics. Furthermore quantum
effects are also present in some cases, and the possibility of
providing the system with an excitation energy going from zero to
large values, allows to study the transition between a quantum
system and a nearly classical one. The time scales which charac-
terize the coherent motions as well as the individual ones are not
so different. This situation is in constrast with the one of ma-
crosystems which we are used to. This rather unique feature has
called for extensions of usual statistical theories. In addition
to that there will be also the possibility to see non Markovian
effects and this might be a direction of interest in the near
future.

The richness of macropliysics has been such over the last
decade, that it now occupies a large part, both financially and in
manpower, of the nuclear physics efforts. In this first lecture,l
would Tike to give a feeiing of how it is possible to explain
collective dissipative motions in heavy ions reactions at bombard-
ing energies < 10 MaV/u. We shall restrict ourselves to the physi-
cal ideas and therefore stay a simple as possible.
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1. DISSIPATIVE PHENOMENA IN HEAVY ION PHYSICS

In heavy ion reactions at bombarding energies < 10 MeV/u,
it is possible to observe products with a total kinetic energy
which is much smaller than the incident one. This means that a
large part of the kinetic energy in the relative motion can be
converted into intrinsic excitation (heat). The reactions where
this surprising phenomenon can be observed are usually called deep
inelastic collisions.! Since heavy ion reactions can be described,
to a good approximation, by classical mechanics, one may try to
describe the dynamical evolution of the system by introducing
friction forces in the interaction region. These forces will pump
the energy which is in the relative motion and transform it into
intrinsic excitation energy. In other words they will convert
organized energy into desorganized one. The simplest form for the
friction force we may think of, is a one which is proportional to
the relative velocity with a form factor which lets it to occur
only in the interaction region. This prescription was used in the
past with great success!s2. It allowed to qualitatively under-
stand a large body of experimental data concerning not only deep
inelastic collisions but also fusion which is the most dissipative
mechanism which can be observed in heavy ion reactions.

In order to illustrate the method, let us consider that the
two heavy ions can be described by two classical particles which
interact by means of the Coulomb and nuclear interaction poten-
tials. Then the natural coordinates of the problem are the dis-
tance r separating their center and the polar angle 6. For a con-
servative system the equations for motion would be :

aVy(r) | Z)Zp€%  g(a+1)82
ar r2 3

(1)

ur = -

ur
9{ (ur28) = 0 (2)

where . {s the reduced mass, Z, and Z, the atomic numbers of the

colliding ions, % the 1n1t1a1 orb1ta1 angu]ar momentum and Vy(r)

the nuclear 1nteract10n potential. A dot above a variable denotes
a time derivative.

These equations of motion can be deduced from the following
Lagrangian :

‘n 7,1 2
ure + + 1 ur V (r} - 2
2 r

The above dynamics only leads to an elastic scattering of the two
nuclet. Dissipation can be obtained by adding in the riqht hand
side of eguations (1) and (2) friction forces of the form :

- C, f(r)# for the radial motion, and - Co r? f(r) 8 for the

(3)
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Tangential one, where C,. and Cy are the radial and Tangential
friction constants, and f(r) is a form factor which is usually
taken in such a way that it fits the data for a large number of
systems.

By modifying eqs.(1l) and (2) as indicated above, the col-
1iding system becomes dissipative. The energy loss per unit of
time, dE/dt, is equal to :

- _ ¢ f(F) r-C flr) r2e2 (4)
dt r e

The above model can be generalized to take into account of a
larger number of macroscopic variables like for instance the de-
formations of the two nuclei or their jnternal rotations. If these
macroscopic variables are denoted by q' the equation of motion
can be deduced from the following Lagrangian :

=Lm a'ed - vi{p (5)
2 1]

where m;jj is the inertia tensor (in the above example we had
M. =y, = ur2), Dissipation is taken care of by introducing
thé Raleigh dissipation function, J, which can be expressed as :

IR (6)
the equations of motion have then the following form :
da _3 ._3ad (7)

And the energy loss per unit of time is just :

€= 8
o (8)

2. NATURE OF THE DISSIPATION

Introducing friction forces is a convenient way to reproduce
the data. However a theoretical justification for doing so is
needed. Up to now there are several microscopic theories which
have shown that friction forces proportional to the collective
velocities can occur in heavy jon collisions [refs.ls3s4],

These theories are based on the fact that it is possible to divide
the degrees of freedom of the system in two categories : the mac-
roscopic, or collective degrees, which have a rather slow time
evolution towards equilibration (a few 10°22s to ~ 10-21-10-20g),
and the intrinsic degrees which retax quickly to equilibrium (~
10-225 or smaller). Under these assumptions it is possible to
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derive equations of motion for the macroscopic variables. This
was done for instance by Hofmann and Siemens3 using linear re-
sponse theory. Let us briefly sketch the principle of such a deri-
vation :

We shall divide our total system in two parts'S and B. S will
consist of the macroscopic variables and B will consist of the
intrinsic degrees. The total Hamiltonian of the system is assumed
to be splitted in three parts :

~ Iad

A A

A A
He is the Hamiltonian operator associated to the subsystem S, Hg
tﬁe one connected to subsystem B, and Hgp represents the inter-
action between both subsystems. It is tﬁ1s part which allows ener-
gy to be transferred from one subsystem to the other.

The evolutiop of the total system is governed by the total
density operator W(t) which depends explicitely upon all the vari-
ables of the system. However, in many cases we are not interested
in the properties of the system B. Rather, we want to follow the
time evolution of the subsystem S. The only thing we need to know
on B is how it influences the evolution of S. Therefore the im-
portant quantity is the reduced density operator § which is ob-
tained by averaging over the B-degrees of freedom :

5(t) = Trg H(t) (10)

where Trp means that the trace of is taken with respect to the B
subsystem only. To get the equation of motion for £, one starts
from the Von Neumann equation :

% ~AA
ifi W = [H,i] (11)

and projects out this equation in the subspace S. This can be done
by the projection method developped by Nakajima and Zwanzig which
is fully described in the paper of Haake.> Let us just quote the
result of such manipulations which lead to the so called Nakajima-
Iwanzig equation :

§= - i85+ % as Ris) Blt-s) + T(t) (12)

A
wher Lgff is some effective liouviilian operator, X(s) a kernel
and T(t) corresponds to an inhomogeneity term. This equation is
sti11 reversible and the interesting thing is that it is non local
in time (see second term of the right hand side). Of course such
an equation is useless in this form for practical purposes and
approximations, taking care of the physical situation under inter-
est, have to be done. In the case of the Hofmann and Siemens theo-
ry they are the following :
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1. It is assumed that at the beginning of the reaction the
total density matrix factorises in two terms : one for subsystem
B, the other for subsystem S. This amounts to say that, before
they touch, the two subsystems do not interact. This is cey;ain]y
true in the case of heavy ion collisions. As a consequence I(t)=0.

2. Since the relaxation time for the intrinsic degrees is
smaller than the one associated to the macroscopic variables it is
possible to assume that at each stage of the reaction the intrin-
sic degrees are in statistical equilib-brium and play the role of
a heat bath for the macroscopic degrees. Furthermore, one may
assume that this statistical equilibrium can be described by a
temperature (canonical ensemble). Since we have to deal with a
microsystem, this last approximation is by no means obvious but it
can be shown® that it leads to a reasonable error compared to the
case where, as it should be done, a microcanonical distribution is
used.

The time scale difference between the internal and the col-
lective degrees allows to do the Markov approximation as a further
simplification. It means that the equation of motion for p(t) will
become local in time.

At this stage a remark should be done : the collective mo-
tions have a relaxation time which is larger, but not so much,
than the one corresponding to the intrinsic degrees. Consequently
the above approximations are only valid to a certain extend. In
particular one might think that non Markovian effects could be
present and it is a challenge for the experimentalists to find
them.

3. Hofmann and Siemens have further assumed that the coupling
between S and B is small. This allowed them to make perturbation
theory on the kernel K(t). Assuming that this coupling takes the
form :

A _ /\j /\1
Heg = § 0 Fy(XT) (13)

where Q s the operator associated to the collective degree Qj and
f: the corresponding field operator for the intrinsic degrees (X
are the intrinsic variables), they could use the methods of linear
response theory.

It is interesting to note that the field F;(X') is a one-body
operator. This is equivalent to say that the diésipation process
is governed by the mean field. This is a reasonable approximation
since the nucleons have a long mean free path in the nucleus due
to the Pauli exclusion principle. Consequently most of the col-
1isions that the nucleons will suffer occur with the mean field.
That is the reason why such kind of friction has been called one-
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body dissipation in contrast to the two-body dissipation which is
usual in our macroscopic world.

Let us call <* and tC011 respectively the relaxation time
associated to the intrinsic and collective motions. If we consider
the system during a time At around t , where At is microscopically
large (At >> t*) but macroscopically small (At << t.4597), it is
possible to show that the dynamical evolution of the macroscopic
system can be described by a quantum master equation. It is neces-
sary to choose At as indicated above because of the following
reasons : At should be sufficiently large to allow the intrinsic
degrees to relax to equilibrium. Consequently they play the role
of a heat bath for the collective degrees. However At should be
sufficiently small for the collective variables to remain almost
constant during this amount of time.

If we consider, for the sake of simplicity, only one macro-
scopic variable Q, then during At it will not change very much
around its mean value Qp = <Q>¢ . The coupling between S ard B is

known to be strong (indeed we know that in a deep inelastic reac-
tion several tens MeV can be easily lost in the relative motion)
and it is not possible to apply to it perturbation theory for
which this coupling has to be small. However the difference :

A A A ~ As aﬁ
Heg(8,X1) - Hep(y.X1) » (0- 38
sp(0,81) - Agg(0,.XT) ~ (0-0,) '56'10 (14)

is small and can be treated by perturbation theory. 8ne has then
to renormalize the Hamiltonifan of the heat bath :

HEeN = Hy + HgplQg.X') (15)

the renormalization of the intrinsic Hamiltonian at each stage of
the reaction is the essence of the Hofmann and Siemens approach.
It allows to remove a large past of the coupling but one needs,
except for a pure harmonic motion, that the fluctuations around
the mean values remain small.

The above prescription can be generalized to the whole tra-
Jectory followed by the two heavy fons, and a quantum equation of
motion for the macroscopic system can be obtained. Since, in most
of the cases, the collective motions show a classfcal behaviour,
it s possible to go to the classical 1imit. A transport equation
(Fokker Planck equation in the phase space of the collective de-
grees) is then obtafned. This equation has a similar form as the
one used to describe transport phenomena in macroscopic systems
(see section 4). It contains, in addition to conservative terms,
friction and diffusfon coefficients. Such an equation allows a
large amplitude collective motion to be described, if it is slow.
This 1s the case for most of the col-lective motions observed in
deep fnelastic reactions.




If one has to deal with fast collective motions (we will see
an example in section 5), they can exhibit quantum features and it
is not possible to apply to them a classical transport equation.
However it is possible, only in the case of a harmonic motion, to
derive a transport equation for the Wigner transform of the re-
duced density matrix. We will see later (section 4) that this
equation has the same mathematical structure as the classical
one.

To obtain these transport equations an average over the in-
trinsic gxstem has been done in order to get the reduced density
operator p. Since the collective motions are coupled to the in-
trinsic degrees, it is necessary to know something about the in-
trinsic system. It appears that the two only informations which
are needed on the heat bath, are the response, and the correlation
functions. If we know them it is possible to describe the dynami-
cal evolution of the macroscopic system. Considerable effort have
been and are made to calculate these quantities microscopically.’
Indeed their knowledge allows the calculation of the friction and
diffusion coefficients which are the key quantities entering the
equations of motion of the macroscopic system (see section 4).

Several microscopic theories have been developed in the 1it-
erature.l» 2,3 They differ in the way how to treat the coupling
between the macroscopic and the microscopic system. However they
all end up with a transport equation for the macroscopic variables
in which enter friction and diffusion terms. This transport equa-
tion is similar to the one describing the evolution of a 6-ownian
particle.

3. SIMPLIFIED APPROACHES TO DISSIPATION

In the above approach, friction is strongly connected to the
mean field in which the nucleons evolve. The existence of a cou-
pling between the macroscopic and the microscopic systems, togeth-
er with the difference of time scales associated with them, leads
to an irreversible flow of energy from the collective motions to
the intrinsic degrees. During the process, a lot of lp-lh excita-
tions are created in the intrinsic system. Due to the residual
interactions these excitations decay into more complicated states
(heat). It is the existence of these residual interactions which
make the relaxation time for the internal variables, t*, to be
so small. Indeed microscopic calculations,®s7 as well as mea-
surements,® seem to indicate that t* < 10-22s),

In a schematic classical picture, dissipation can be visual-
ized in the following way

Nucleons are assumed to be a free Fermi gas enclosed in a
container which simulates their mean field. Since the mean free
path of the nucleons is large compared to the dimension of the
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system, most of the collisions that the particles suffer will be
with the walls of the container. Such a gas is usually called a
Knudsen gas. It is assumed that after a collision with the wall,
the particle velocity is randomly distributed. This hypothesis is
nothing more than saying that the internal degrees of freedom have
a relaxation time shorter than the one of the macroscopic vari-
ables.

A moving wall will be a source of dissipation. If the wall
velocity is much smaller than the Fermi velocity of the nucleons,
a friction force proportional to the wall velocity will appear,
and the motion of the 'wall will be slowed down. This has been
demonstrated first by Gross® (piston model) and worked out in
details by Blocki et al1.!9 (wall formula).

When two nuclei are connected to each other by a window,
nucleons can be transferred f:rom one container to the other. With
the same hypothesis of randomization as above and assuming that a
transferred nucleon never comes back, one can also show that a
friction force, proportional to the relative velocity of the two
nuclei, appears (window formula).!® An interesting result of such
a description is that the friction coefficient in the radial di-
rections is twice as large as the one in the tangential motion.10

With the simple above picture in mind, it is possible to
calculate the friction coefficients. Several calculations have
been done in this direction.l11-16 The most important physical
effects to be taken into account in these approaches are the fol-
lowing : tunneling of the single particle potential barrier sepa-
rating the two nuclei, influence of the temperature on the occupa-
tion probabilities of the nucleons and on single particle poten-
tial, Pauli blocking and window velocity with respect to each
nuclei (see ref 17 for a review).

Before we close this section, it should be noted that there
can also exist a coupling between the macroscopic variables. This
allows an energy transfer between the different collective mo-
tions. This is the way for instance how surface vibrations or
giant resonances can be excited.!® Since these collective motions
can be coupled to the intrinsic system, they can be damped. The
coupling between collective modes can play an important role in
the sense that energy can be transferred from the relative motion
to some other collective mode (surface vibration for instance)
which can be in turn strongly damped. In this case one may have a
strong dissipation in the relative motion because the second col-
lective mode plays the role of a doorway state (or of a cataly-
ser).

4. ILLUSTRATION OF A TRANSPORT EQUATION

We shall now fllustrate the physics which is contained in a
transport equation. For that we shall consider only one collective



degree Q (P will the conjugate momentum), and assume that the
associated motion is harmonic. Consequently the collective Hamil-
tonian reads :

=P2 1

where B and C are respectively the inertia and the stiffness coef
ficient associated to the harmonic oscillator. The collective
motion will be coupled to a heat bath at temperature T. Hofmann
and Siemens3 have shown that the dynamical evclution of the oscil
lator is governed by a transport equation which has the following
form :

_t={H

2
o - et a5 Bfe0 2 (17)

B P2

In this equation f is the distribution function in collective
phase space. In the case of a classical oscillator f is the clas-
sical distribution, whereas for a quantum oscillator f has to be
understood as the Wigner transform of the reduced density ma-
trix.19 y and D are respectively the friction and the diffusion
coefficients. The first term in the right hand side is a Poisson
bracket :

dH dH
H fl = coll ﬁ - coll gi (18)
tHeor1»f} aQ P aP  2Q

Using eq.(16) it can be rewritten as :

Heot1f} = - 22f 4+ cq2f 19
{Heon1»f} B aQ Q aP (19)

In transport theory, friction and diffusion are intimately
related by means of the so called fluctuation dissipation theorem
which can be expressed here by means of the Einstein relation

D=«vT (20)
where T is the temperature. The abuve relation holds only if we
have a classical harmonic oscillator. In the case of a quantum
one, the connection between D and y readsi? :

D=y T (21)

where

T = ’Z‘_Q Cotgh 2 (22)
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It should be noted that in the case of high temperature (T >> hQ)
the generalized Einstein relation (21) gnes to the classical one
(eq.(20)).

It is interesting to write down the equations of motion for
the mean macroscopic variables <Q> and <P>., They can be obtained
from the transport eq.(17) by multiplying it by Q or P and inte-
grating the phase space :

&0 - <2 (23)
dt B
d<P> - ey - 4 <P (24)
dt -
or
2
g 4<® + - g2.0» - y 4 <> (25)
at2 C-rg

we recognize in eq.(25) the classical equation of motion of a
harmonic oscillator subject to a friction force proportional to
the velocity. Therefore the transport equation, which is derived
on microscopic grounds, provides a justification of the friction
force introduced in the classical models for heavy ion collisions.
In addition it gives the fluctuations around the mean values. In
the case of a classical oscillator these fluctuations are of sta-
tistical nature, whereas, in the case of a quantum harmonic oscil-
Tator, they have a quantum origin (zero point motion).

In the case of the harmonic oscillator, the solution of the
transport equation is a Gaussian which is therefore completely
determined by the first and the second moments of Q and P. We have
seen that the first moments obey eqs.(23,24). As far as the second
moments are concerned, they obey the fol- lowing set of linear
coupled differential equations :

dr ) 2 *
_thE--zczPQ-E‘szpd-yT (26)
E.2 7
dt 8 ZPQ (27)
deg _ Zpg
i M U 28

where
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Iqq * %j d & £(0,P,t) (Q - <0>)2 (29)
Tpg = %f @Q &P £(Q,P,t) (Q - <@) (P - <P>) (30)
Zpp = %j 1Q & (Q,P,t) (P - <P>)2 (31)

are the second momgnts. Note that in the case of a classical har-
monic oscillator T = T.

e can check that as t + = ~.2 get the equilibrium distribu-
tion. Indeed, at equilibrium

* T*

2C

(32)

Q=0,ZPQ=O,ZPP=BT and XQQ=

as it should be.

It is interesting 1o illustrate the difference between sta-
tistical and quantum fluctuations. This is shown in Fig. 1. In
both cases considered there, we have an oscillator with the same

tif, efficient cpupled to a heat bath at temperature
1s = {rﬁes\ls Cﬂ1e 1Jnert1t'a 1°s pchosen 1’3n such a way tha{“,p on the left

hand side, the phonon energy is equal to 8 MeV, whereas on the
right hand side, it is equal to 0.5 MeV. It means that the levels
are separated by 8 MeY on the left, and by 0.5 MeV on the right.
The oscillator which is on the left is called a quantum oscillator
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Fig. 1 - Schematic presentation of the difference between statis-
tical and suantum fluctuations in the case of a harmonic oscil-
lator (see text).



whereas the one on the right is a classical one. Since the levels
of the quantum oscillator are spaced by 8 MeV, which is much
larger than T = 2 MeV, the heat bath does not excite the oscilla-
tor which remains in its ground state. We observe the zero point
motion and the equilibrium distribution is represented by the
dashed line. On the contrary, in the case of the cliassical oscil-
lator, 12 << T, consequently it will be excited by the heat bath.
The equilibrium distribution is the Boltzmann distribution repre-
sented by the dashed line.

The above considerations concerned the equilibrium stage
which is reached after a time larger than the relaxation time
associated to the harmonic oscillator. Now, we shall illustrate
the role of the different terms entering the transport equation.
This is schematically shown in Fig. 2. If we would only consider
the first term in the right hand side of eq.(17), we would

Ne Oissipation Owsipation

Equilidrium
soreached

-

Dissipation
snd Fluctystiens

Fig. 2 - Schematic presentation of different type of trajectories
in phase space when the system is conservative (top left), where
there is friction (top right) and when there is friction and fluc-
tuations (bottom). See text.

just have a Liouville equation in phase space. This would corres-
pond to no friction and the trajectory followed by the system in
phase space is shown on top of the left hand side of Fig. 2 (the
units have been chosen in such a way that it is a circle). The
second term on the left hand side of eq.(17), proportional to vy,
leads to dissipation. It will be responsible for a drift of the
mean value towards equilibrium. The trajectory will have the form
s:hematically shown on top of the right side of Fig. 2 (in the
figure we show the trajectory for a quantum harmonic oscillator).
In this case equilibrium corresponds to a circle. If the oscilla-
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tor becomes classical the radius of the circle wiil go to zero.
Each time we have dissipation, we know that we have alsc¢ fluctua-
tions. The effect of the fluctuations is given by the last term

in eq.(17). The physical effect of this term is to spread the
density distributiorn in phase space like a diffusion process. The
distribution will broaden when the time increases until it reaches
equilibrium. This is illustrated in the lower part of Fig. 2 where
tne dashed area represents, say, some percentage of the density
distribution.

5. APPLICATIONS OF TRANSPORT THEORY

The method which has been described schematically above can
of course be generalized to more complicated situations where
several collective degrees are taken into account explicitly. A
lot of calculations have been done and compared with experimental
data.! They give an overall understanding of the deep inelastic
process. We just would like to show two typical examples of such
calculations.

The first one corresponds to the case where the collective
motion behave classically. Then only statistical fluctuations can
be observed. These models are able to calculate multidifferential
cross section with respect to various macroscopic variables.29 The
higher is the order of the differential cross section, the more
difficult it is to reproduce. Therefore we show in Fig. 3 the
calculated Wilczynski plot corresponding to several Z values
(d30/dEdZde) for the 280 MeV Ar + Ni system measured in ref. 22.
The experimental data are displayed in Fig. 4. We see that the
overall experimental picture is reproduced but still nct the de-
tails.

The second example will concern charge equilibration which is
known to be a fast collective mode exhibiting, in some cases,
quantum features.23 This is in particular the case for the 430 MeV
86Kr + 92Mo investigated in ref. 23, The observable which is di-
rectly related to charge equilibration is the isobaric distribu-
tion (atomic number distribution for fixed value of the mass). The
FWHM of this distribution turns out to be, at equilibrium, much
too large to be explained by statistical fluctuations. Further-
more, when equilibrium is reached, it remains practically constant
as a function of the excitation energy (temperature). Indeed,
charge equilibration can be decribed by an harmonic oscillator
coupled to a heat bath. In the case of statistical fluctuations we
would expect for the variance o2 of the isobaric distribution :

(33)

02=

ol

where T anc C are respectively the temperature and the stiffness
coefficient. For quantum fluctuation o¢ would be larger and given
by :
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Fig. 3 - Calculated differential cross section d’c/dEdZ9 in
ub/MeV/rad/ (charge unit) for the Ar + Ni system at 280 VMeV.
Calculation done in ref.??,



e e e

B e SIS P )

$:00

. 1 4LJ
60
" T T
4150
75 Za22
>
2
= <100
> \500___--
? Nt I
-
e “
oQ————
25 S ¥
© ]
|
U B R S § 1 i IS N SN S S
0 2 49 60 8 0 20 40 60 80
Scm (3deg)
LE 14 T T T ¥ T 3 T LR 1 T T I
<r Z.23 % Z.2¢ ano
N ~——2%C e I
= O N
— 25 T30 < H
/500'—'—"— ¢ z mm—— 0
< A3 —
K
Z0r Za25 la28 4 -
4100 ‘
. i 4130
e 300 J i
a8 L 7 5C st ! e 0 () camnnm——n— So——— -
- ¢ =0 e
O e <¢0
| 280 " | "°°,_ ‘
| 4 = 28Oy
e . b s
o) 2C a5 50 ZC 7 ke =C 0 2C
Srm 2e3

Fig. 4 - Experimental
ref.??,

curves

corresponding to Fig. 3 measured in



— e b+ e cee e ;A e e aade A e e~ A Al s POCTFETUR S I R S

o2 - 1L (34)
c

where T s defined by eq.(22). The experiment indicates that, for
the Kr + Mo system, we are likely to observe quantum fluctuations.
In Fig. 5 we show a comparisor between the model based on a trans-
port equation, and the data. We see that they agree quite well. In
fact TDHF calculations have shown that the mode associated to
charge equilibration seems to be related to the longitudinal com-
ponent of the giant dipole resonance of the composite system.24

These two short examples have shown us the power of transport
theory for explaining dissipative phenomena in heavy ion physics.
We are nz# at a stage where these calculations are refined in
order to describe finer details of heavy ion collisions. A lot of
work remains to be done in order to obtain extensively microscopic
transport coefficients. On the experimental side, it is probably
interesting to try to study the possible existence of non Mar-
kovian effects. For this, high resolution is needed and this is
along the line of the new accelerators.

2 ¥ T R ¥ ¥ L T L]
3 1 86Kr - gzMo ]
o 3 Elob = 430 Mev

A=85
A =86 A
v} TN A L i i i ] 1
1} 20 40 60 80
Elogg (MeV)

Fig. 5 - Calculation of the standard deviation of the isobaric
distribution of A = 86 for the 430 MeV Kir + Mo system (full line)
done in ref. 19 compared to the experimental data of ref.23,
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Lecture II : FUSION AND FAST FISSION

I. FUSION

a) General considerations

Fusion is the most dissipative phenomenon observed in heavy
jon reactions. Indeed ail the nucleons are involved, all the ki-
netic energy in the relative motion is transformed into intrinsic
excitation energy of the compound system and all the initial orbi-
tal angular momentum is transformed into spin of the fused nu-
cleus. It is of fundamental importance to know under which condi-
tions two heavy ions fuse together and to calculate the probabili-
ty of such a process. It is also interesting to know what happens
to the fused system.

Experimentally it turns out that two heavy nuclei with a
product of the atomic numbers Z;Z, > 2500-3000 cannot fuse.! For
this reason, even if the superheavy element would exist, it would
not be possible to synthesize it by the fusion of two heavy nu-
clei. The reason why there is no fusion, in the case of very heavy
systems, comes from the disappearance of the pocket in the total
interaction potential.? This is due to the Coulomb force which
becomes so attractive that it cannot be counteracted by the nu-
clear force at any separation distance. It is possible to calcu-
late, in a static way, the condition for which the pocket disap-
pears in the case of a head-on collision.3 One finds that when :

117, ,
CICZ(CI + Cz)

the pocket disappears and fusion is no longer possible. In eq.(1)
Ci and Cp are the central radii of the projectile and of the tar-
get :

8.7 (1)

C.i = R'I - 1/R1 (2)

and

Ry = 1.16 A}/3 (3)
However dynamical effects decrease a bit this Timit of 8.7 and we
shall see the reason below.

For a given system, where fusion is possible, one observes
that, if the bombarding energy is not too far above the Coulomb
barrier, the fusion cross section goes almost linearly as a func-
tion of the inverse of the center of mass bombarding energy. How-
ever at higher energies, when larger values of the orbital angular
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momencum are involved, the measured fusion cross section becomes

smaller than what can be expected by an extrapolation the preced-
ings straight line (see Fig. 1). Such a fusion cross section de-

fect is alsc observed for systems in the region where fusion just
disappears* (heavy systems). This can be understood as due to an

increase of the fusion threshold (see Fig. 2).

173

Fig. 1 - Schematic presentation of the fusion excitation function
as a function of 1/E, the inverse of the center of mass bombarding
energy. At high bombarding energies a fusfon cross section defect
is observed compared to the behaviour followed just above the
fusion threshold.

The precedings experimental facts have to be understood in a
single picture. In this lecture, I would 1ike to present a simple
dynamical model which is able to do that.® We will see that it is
only based on very simple physical arguments.

Up to now there is no simple picture which is able to de-
scribe the fusion cross sections for all the heavy ion combina-
tions that we can imagine and with bombarding energies in a range
going from the Coulomb barrier to about ~ 10-15 MeV/1'. The reason

VQ' Vealc

/

/

0 31,
Fig. 2 - Schematic plot of the difference between the experimental

and the theoretical fusion threshold as a function of the product
111, of the atomic numbers of the two fons.
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~ 10-15 MeV/u. The reason for that can be found in the fact that
the dynamics plays a very important role in heavy ion collisions.
We have seen, in the preceding lecture, that dissipation occurs as
soon as the two heavy nuclei start to strongly interact. There-
fore friction will also play an important role in the fusion pro-
cess. In a pure static picture, fusion can be obtained, for a
given value of the initial orbital angular moment 2, if the bom-
barding energy is larger than the corresponding static fusion
barrier associated to this particular collision (see Fig. 3).
However friction may act before the system reaches this barrier
and some energy loss in the relative motion will result. This is
illustrated in Fig. 4 for a head-on and a non central collision.
We see that for the system to reach the barrier, it will be neces-
sary to provide it with a certain amount of extra energy above the
static fusion barrier. This supplement of kinetic energy is neces-
sary to compensate the friction forces which are acting before the
system reaches the barrier. Let us write down the condition for
fusion. For that we need to introduce the critical angular momen-
tum, fcp, which is the largest t value leading to fusion. The
experimental fusion cross section, of, is usually expressed in
terms of .. by means of the following relation :

ofF = :—2 (ICR + 1)2 (4)
where k is the wave number. Eq.(4) assumes that they are the low-

est & values which contribute to fusion, up to the largest one
Lcps and that the sharp cut off approximation is valid.

static_fusion
barrier for | =l

barrier for | = 14

Fig. 3 - In a static picture we can have fusion if the bombarding
energy 1s larger than the static fusion barrier. On the left this
is possible, but not on the right.
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with friction
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with no friction

t=0
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(1- fllm = orbital angular momentum loss

3 Fac
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with no friction

oy

Fig. 4 - Schematic illustration of the fact that some extra
kinetic energy is needed to overcome the static fusion barrier :
on top is the case of a2 head-on collision. In the bottom is the
case when the orbital angular momentum is equal to tcp. There the
total interaction potential including centrifugal energy changes
due to angular momentum loss.

Since 2cp s the largest % value which is able to pass the
fusion barrier, it should satisfy the following equation:

2 2
* Mg

+ AEp + AE, (5)

where E is the center of mass bombarding energy, Rs, _ the posi-

tion of the fusion barrier for 2 = flCR (f being thec$ract10n of
orbital angular momentum which remains in the relative motion
after tangential friction has acted) and p the reduced mass. V(R)
represents the total interaction potential (nuclear + Coulomb) for
a head-on collision. AEp and AEy are respectively the energy los-
ses in the radial and in the tangential motions. Since in dynami-
cal calculations the energy loss in the tangential motion is, to a
good approximation, equal to the change in the rotational energy,%
we can rewrite eq.(5) as follows :

Ser A TR s !
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+ AE (6)

where AE will be the dynamical energy surplus. It is the extra
energy which one has to provide the system with, in order to com-
pensate for friction forces. Therefore for a given £ value, we can
define a dynamical fusion barrier which equals the static one plus
the dynamical energy surplus :

Dynamical fusion barrier = static fusion barrier + dynamical
energy surplus

Since it is possible to reproduce the fusion cross section
for many systems at not too high bombarding energy using static
barriers,? it means that the dynamical energy surplus is zero for
them. Let us now try to estimate AE from experiment.

For that we shall use equation (6). For a given system we
shall take the bombarding energy E. Then Rg, ~ and V(Rg, ] will

be calculated using the energy density poten%$a13-7 which has
proved to be very successful in reproducing the fusion thresholds
for a large body of systems. From eq.(6) we can deduce a value for
the dynamical enerqy surplus, and try to plot this quantity as a
function of a variable which should be strong]g correlated to it.
A natural one we may think of is the following® :

(o= L %€  pemhAth 1 1(7)
eff ~ axy ‘CiC,(C) * Cp) T "AjA;  C1Cy(Cy + Cp)2

where y is the surface tension coefficient of nuclear matter (y =
1 MeV/fm2) and m the nucleon mass. Xoff represents the ratio be-
tween the Coulomb plus centrifugal forces, over the nuclear foirce,
at distance Ci+ Cp. We see that in the definition of X ¢ it en-
ters the factor f, which is the proportion of orbital angular
momentum remaining in the relative motion after tangential fric-
tion has acted. The choice of a value for f is not clear?® : indeed
should we take the sticking or the rolling 1imit?, or something
else? This is illustrated in Fig. 5 where AE has been plotted as a
function of X ¢¢ for the heavy systems investigated at GSI [ref.*]
{circles) and For the Ar + Ho system measured in ref.® (crosses).
In the former case f was taken to be equal to 5/7 (rolling) wher-
eas in the later case f was taken for the sticking limit. It is
only with these choices that AE could exhibit a similar mean be-
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haviour and this tells us that a static approach of the problem
will be difficult since, for a given system, we do not know how to
choose this factor f. Therefore we should now really consider the
dynamics of the problem.

b) Dynamical approach to fusion

In order to check the above qua11tat1ve ideas about fusion, a
simple dynamical model has been developed in ref.> to describe the
fusion process. It describes the collision of the two heavy ions
by means of two macroscopic variables : the distance R separating
the center of mass of the two nuclei, and the polar angle 6. The
dynamical evolution of the system will be treated in a similar way
as the one described in the first section of lecture I. The nu-
clear potential between the two heavy ions, which was deduced
using the energy density formalism, is taken from ref.3. Friction
forces proportional to the velocities are introduced in the radial

!
1501 -
$ 100+ . A
2 .
- .
< - *
SO .. 4
o"
.
.. .
U P *l . ‘ ’ <y
0.25 0.50 0.75 1.00
Xott

Fig. 5 - The dynamical enerqgy surplus is plotted as a function of

defined in eq.(7) The circles are associated to the systems
1nvestigated fn ref." with f = 5/7 (Rol1ing). The crosses corres-
pond to the Ar + Ho syste- of ref.? with f given by the sticking
condition. From ref.3,

and tangential motions. The equatiors of motion which have been
used are the following :

2 ay, (R) .
gt—g--%—-c,! g(R) R (9)
.
% = - ;E g(R) (2-2g4) (10)

Cq and Ct are respectively the radial and the tangentia1 friction
coefficients. According to the-one body picture LU they are such
that Cp = 2 C¢. In eq.(9) a Timiting value for the orbital angular

P
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momentum has been introduced : it is the sticking 1imit which
should not be overcomed if we consider the two nuclei as two solid
objects. V,(R) is the total interaction potential (nuclear + Cou-
Tomb + centr1fuga1 energy) and g(R) the form factor which was
chosen as follows :

g(R) = 1 (11)
L+ exp(80-13)

where
=R - 01 - C2 (12)

represents the separation distance between the surfaces of ‘he two
nuclei at helf density. The fact that the form rfactor depe-ds
explicitely upon s rather than upon R is from our beiief that the
friction between the two heavy ifons is dominatedby a surface-sur-
face effect. It turns out that if we take Cp = 31 0G0 Mev fm-2
(10-235)2 it s possible, with this value kept fixed, to reproduce
the fusion cross section for a large number of systems. We refer
the readers to ref.5 where a lot of comparisons between experimen-
tal and theoretical fusion excitation functions are shown. In Fig.
6 we just 1llustrate the model with a few systems going from 1ight
to heavy ones. We observe a rather good agreement between experi-
ment and theory which encourages us to believe that the dynamics
is of great importance in the fusion of two heavy fons.

From the dynamical calculation it is interesting to see if
the dynamical energy surplus has a strong correlation with some
quantity which is easily accessible. This turns out to be the case
and is shown in Fig. 7 where AE is plotted as a function of,

Sfx % » position of the static fusion barrier corresponding to
l

. We observe that all the points are focussed around a
mean beﬁaviour which ¢an be parametrized as follows :

AE = 1100 (1.57 - SfXCR)a when s ¢ 1.57 fm

and (13)
AE = 0 when s > 1.57 fm

We observe in Fig. 7 that AE increases a 1ot when the inter-
distance tetween the two surfac:s becomes sraller than 1.4 fm. It
1s necessary for the system to reach a distence smailer than ~ |
fm, AE will become so large that fusion wili no longer be possible
in practice. This shows the existence of a saturation distance
beyond which fusfon will not. be possible.
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Fig. 6 - Comparaison of the experimental cross sections with those
computed using the dynamical model of ref.®. References correspon-
ding to experimental points can be found also in this reference.
This figure has been extracted from re:.'!.
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Fig. 7 - Dynamical energy surplus needed to pass the fusion
barrier as a function of sf‘CR the position of the fusfon barrier

Let us now summarize the results of the model in simple phys-
ical terms : from eq.(6) we see that the fusion cross section is
given by the following expression :

£ .

For a given system where fusion is possible, when we increase
the bombarding energy, we increase the critical orbital angular
momenta but at the same time the position of the static barrier
decreases. At the beginning (in the region Just above the fusion
threshold) Sflc is in general large enough for AE to be zero. But

as Lcp increases, sgp  is decreasing and can reach the region

where AE = 0. Then the dynamical fusion barrier becomes different
from the static one and a fusion cross section defect )
- R%l AE/E is observed. At very high bombarding energies, ei-

ther gE becomes too large, or the pocket in the total interaction
potential has disappeared due to the centrifugal energy, and the
critical angular momentum saturates.

) (14)

GF =R szlCR (1 -

For a given value of the initial orbital angular momentum,
say 2=0 for instance, the position of the static fusion barrier
wiil decrease when the size of the nuclei increases due to the
Coulomb field. In the region where fusion first disapnears
(systems investigated in ref.“) Sficg will reach the region where
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tE # 0 and the dynamical fusion barrier will be larger than the
static one lead in this way to a fusion cross ssection defect.

Therefore dynamical effects allow to understand, in a single
picture, the fusion process. Furthermore the success of this
simple model in reproducing the experimental data indicates that
fusion is mainly determined in the entrance channel, before the
minimum distance of approach is reached.

2. FAST FISSION

We have seen how fusion occurs and we shall now .nvestigate
what happens to the fused system. In particular we shall try to
answer the question : do we always form a compound nucleus when
two heavy nuclei fuse together?

a) Compound nucleus formation and fusion

A compound nucleus is an entity which has completely forgot-
ten about its formation except for some macroscopic parameters
which should satisfy conservation laws. Such a nucleus is charac-
terized by an excitation energy and an angular momentum. It will
be unstable with respect to particle evaporation (leading to re-
sidual nuclei) but it may also undergo fission. The fission pro-
bability depends of course on the height of fission barrier which
in turns, decreases strongly with increasing angular momentum.l!
For a certain value of 2, which we shall denote by g _the fission

barrier even vanishes. Since some amount of time is needed to form
a compound nucleus in the real sense, it is reasonable to think
that it is not possible to form it if it has no fission barrier
(2> 2g_). In the case where fusion would be identical to compound

nucleus formation Lcp should always be smaller than g, However a

compilation of the existing data shows that this is noz true and
severa] measurements indicate that 2.p can considerably exceed
2g [ref.12]. A possibility to explain the data would be to say

that o does not only contain complete fusion but that there is a
contrigution of incomplete fusion. This last mechanism corresponds
to the case where fast particles are emitted before the two re-
maining fragments fuse together. However, measurements of light
particles associated to this process show a too small multiplici-
ty!3 and cannot account for the difference between Xeg and 2 .

Therefore we are led to conclude that fusion cannot be 1dent1$1ed
with compound nucleus formation and a new question appears : what
happens when g _ < & < 2¢cp for which there is fusion but not com-

pound nucleus formation?
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A series of experiments has given some insight into this
problem. In ref.? the evolution of the full width half maximum
(FWHM) of the fission-1ike products has been investigated as a
function of the excitation energy of the "compound nucleus", for
the Ar + Ho system. It yas observed that the FWHM increases with
the excitation energy E (see Fig. 8). Because the temperature T
also increases with E , we expect the mass distribution to broaden
due to statistical fluctuations. However, an estimation of this

v T T T

40 165
80 |- 1‘Al' . e.,”o

r (a.mu.}
&
v

&0t
0F l d
B
be e A
1] | A | 1
S0 100 1S0 200

. E™ (Mev)
Fig. 8 - Full width half maximum, ', of the fission 1ike mass dis-
tribution, as a function of the excitaion energy of the fused
system, for Ar + Ho. The dots are the experimental points in
ref.%. The full curve is the result of the calculation of ref.l12,

effect gives a too small increase compared to what is observed
experimentally. This is 1ikely due to a change of the stiffness
coefficient of the potential energy surface along the mass asym-
metry coordinate which decreases with increasing 2 value. If we
notice, in Fig. 8, that the FWHM changes a lot in tne region which
is close to ~ 80 MeV, we are tempted to say that a mechanism dif-
ferent from ordinary fission contributes at high bombarding ener-
gies. It is precisely in this regfon that & values larger than

1g start to contribute to the fusion process. Therefore one might

suggest the existence of a mechanism which is different from fis-
sion following compound nucleus formation and which occurs when
18; < 2 < 2¢cg- This preliminary conclusion is supported by inves-

tigations on heavier systems (C1 + Au in ref.13 and C1 + U in
ref.1*). Indeed, as the system becomes more massive, %g_ decreases

and for the C1 + U system, for exampie most of the 2 vafues are
greater than 2g_. In this case the FWHM is almost constant over

investigated bombarding energy range (240-350 MeV) whereas it
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varies in the case of the Tl + Au system (204-31 MeV) but to a
smaller extend than for the Ar + Ho combination.

The fact that there exists a new mechanism when g, < & < &cp

which we will call later on fast fission is, from the experimental
point of view, just a guess. We shall! see below that there exists
theoretical calculations which predict this mechanism in a natural
way L]

b) Fast fission

In heavy ion collisions, the two nuclei are assumed to be
spherical, or close to this configuration, when they are far apart
from each other. When they reach the interaction region various
shape degrees of freedom are excited. For instance a neck appears
between the two heavy ions creating in this way a single composite
system with two centers. If we want follow the future evoluticn of
the fused system to be followed, we need to have a good descrip-
tion of these changes of shape. In fact these excitations will
transform a potential landscape where the two nuciei are spherical
(sudden potential) in cne where some the shape degrees of freedom
have relaxed to equilibrium (adiabatic potential). Instead of
trying to describe explicitly the deformation degrees of freedom,
which is an enormous task when one tries to describe also the
fluctuations which are associated to these macroscopic variables,
it is tempting to simulate this transition between the sudden and
the adiabatic potential, in a phenomenological way. This has been
done in ref.l1> where a dynamical transition between a sudden in-
teraction potential in the entrance channel, and an adiabatic one
in the exit channel has been done. The degree of completeness of
the transition depends, of course, upon the overlap between the
two ions.

The physics which is behind this simulation is to see whether
a transition between the fusion valley (that the system follows in
the entrance channel) and the fission valley, is possible under
certain circumstances. This notion of two valleys has been pointed
out by1§wiateck115 and confirmed recently by microscopic calcula-
tions.

In the model of ref.l% the collision between the two nuclei
is described by means of four macroscopic variables ; the distance
separating the center of mass of the two nuclei, the polar angle,
the mass asymmetry of the system and the neutron excess of one of
the fragments. The deformations are simulated as it is indicated
above., The dynamical evolution of the collision is fcllowed by
means of a transport equation which was derived by Hofmann and
Siemens and which we have discussed in the first Jecture.

When some conditions are fulfilled, the model reveals the
existence of a mechanism which is intermediate between deep ine-
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lastic reactions and compound nucleus formation. This is illustra-
ted in Fig. 9 where typical mean trajectories are shown as a func-
tion of the mean mass asymmetry, and of the mean radial distance,

for the 340 MeV Ar + Ho system.
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Fig. 9 - Few mean trajectories for various fnftial values of the
orbital angular momentum, t, plotted in the plane radial distance-
mass asymmetry. Three kinds of mechanisms are jllustrated in this
plot : 1) quasi-elastic process for 22195, 2) deep inelastic cecl-
lisfon for 2=138 and 3) fast fission phenomenon for 2£=75. For

L < 2g. =72, a compound nucleus is formed. This figure has been

extracted from ref.l5,

- 2=195 is a aquasi-elastic trajectorv with little mass and energy
exchanged between the two nuclei.

- 2=138 is typical of a deep inelastic collision : some mass
transfer occurs between the fwo fons and a large damping of the
initial kinetic energy is observed.

- 2=75 shows a new kind of phenomenon. The system is trapped in
the pocket of the entrance potential. Mass asymmetry relaxes to
equilibrium and, at the same time, the sudden potential switches
to the adiabatic one. However with this value of the angular mo-
mentum the compound nucleus has no fission barrier. Consequently
there exists no pocket in the adiabatic pctential to keep the
system for a while : it will decay in almost two equal fragments.

This mecharism has been called tast fission since it proceeds
faster than ordinary fission where the stage of forming a compound
nicleus 1s necded. In contrast to ordinary fission which corres-
ponds to a decay of a one-center system, fast fissioi, results from
a decay of a two-center composite nucleus (see Fig. 10). The in-
teraction time turns out to be of the order of ~ 10-20s which is
intermediate between a deep fnelastic collision and a compound
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Fig. 10 - Schematic picture of compound nucleus fission and fast
fission.

nucleus formation. The fast fission mechanism provides a way to go
directly from the fusion valley to the fission valley without
passing by the compound nucleus stage (see Fig. 11).

- When & < 72 = 45 , the system is trappad in the entrance poten-

tial but remains trapped in the adiabatic one because the fission
barrier is non zero : we form a real compound nucleus.

FUSION VALLEY
COMPOUND
WOCLEUS j FAST FiSSION

FISSION VALLEY

Fig. 11 - Schematic representation of fast fissfon as a mechanism
which allows to go directly from the fusfon to the fissfon
valley.

To summarize, for a system like Ar + Ho, we can observe fast
fission only if le <2< Acpe

When the fissility parameter Z2/A of the compound system in-
creases, the saddle configuration becomes more and more compact.
For big nuclei it can become less elongated than the pocket confi-
guration. For a symmetric system this occurs when :

2, 185 (14)
A

In this case, even if 2 < 13 the system which is trapped in

the pocket of the entrance potentfal cannot remain trapped in the
adiabatic one, although there exists a fission barrier, because it
1s located already outside the saddle configuration. We have again
fast fission but this special case has been called quasi-fission
by Swiatecki® who was the first to point out such a possibility.

The macroscopic model described above predicts that fast
fission has properties which are very similar to those of fission
following compound nucleus formation. This makes difficult to get
an unambiguous experimental evidence of this mechanism. At this
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stage the model explains, in a simple way, the data which were not
understood before but that is all. The most advanced experimental
proof that might be found is the measurements of Ho et"al. who
found evidence of light particles evaporated by a two-center sys-
tem similar to the one leading to fast fission.

It is interecting to have a look at the fusion excitation
function of the Ar + Ho system (Fig. 12). The fusion cross section
is the sum of the compound nucleus and of the fast fission cross
sections. We observe that just above the fusion threshold we have,
for this particular system, only compound nucleus formation. Fast
fission starts to contribute only when & values larger than 2

fuse. Since a transport equation is used to describe the dynamics,
orie can calculate the statistical fluctuations in the mass asym-
metry coordinate, construct the fast fission mass distribution at
a given bombarding and add to it the one correSpondin? to fission
following compound nucleus formation (taken from ref. %), In

Fig. 8 the calculated FWHM of the fission-like mass distribution
(full line) is compared with the data and the agreement appears to
be rather good.
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Fig. 12 - Experimental fusion cross section (dots) from ref.’

plotted as a function of 1/E , the inverse of the center of mass
CM

bombarding ener?¥. It 1s compared with the calculated fusion cross

section of ref.15 (full curve). The fusion cross section is the

sum of the compound nucleus and of the fast fissfon cross sec-
tions. Their corresponding excitation functions are also shown in
the figure. This figure is extracted from ref.l5.




Four classes of dissipative heavy jon collision can be pre-
dicted by the macroscopic model of ref.l5. This is schematically
illustrated in Fig. 13 where the sudden and the adiabatic poten-
tials are represented as a function the interdistance R separating
the two nuclei. This one dimensional plot is just to get a feeling
of the collision which in fact occurs in multidimensional space.

THE FOUR TYPES OF l
DISSIPATIVE HEAVY 10M COLLISICNS

—_—

Desp metashc collition Conpound nucieus faraation
v vi
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Fig. 13 - Typical 1l1lustration of the four dissipative mechanisms
occuring in a heavy fon reaction : Top left : the system is
not trapped but it looses a 1ot 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 adfabatic one but the saddle configuration is elongat-
ed enough to keep the system trapped : we have compound nucleus
formation. Bottom left : the system is trapped but the fission
barrier of the compound nucleus has vanished due to angular momen-
tum. Therefore it desintegrates in two almost equal fragments
because mass asymmetry had time to reach equilibrium : we have
fast fission. Bottom right : the compound nucleus has a fis-
sion barrier but the saddle configuration is too compact to keep
the trapped system : we have also fast fission or quasi-fission.

In Fig. 14 we show the range of 2 values to which these dis-
sipative phenomena are associated and, in Fig. 15 we summarize the
conditions under which fusion, fast fission and quasi-fission
occur.
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Fig. 14 - Schematic representation of the different ranges of £
values associated to the four dissipative mechanisms which can be

observed in heavy ion reactions.
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Fig. 15 - Schematic summary of the different mechanisms following
fusfon and their domains of occurence.

CONCLUSION

During the recent years a great progress has been done in the
understanding of fusion. New ideas have been introduced and we
have now a rather good description of this phenomenon. Other dyna-
mical descriptions have also been proposed for fusion® and they
reach conclusions which are similar in the average (see ref.? for
a comparison between the different approaches). It seems that at
present the models are beyond the experiment and are able to pre-
dict new phenomena 1ike fast fission which still need to be really
confirmed experimentally. Therefore many clever experiments at
high resolution are needed in order to agree or to contradict the
models.
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Lecture III : SOME ASPECTS OF THE PHYSICS BETWEEN 20 AND 50
MeY /u

The heavy ion mechanisms at bombarding energies smaller than
about 10-20 MeV/u are dominated oy the mean field.! As a conse-
quence it is possible to observe discipative phenomena for the
collective motions which are excited during the collision. The
situation changes a lot at very high bombarding energies
(> 100 MeV/u) where it is found that the physics is dominated by
the nucleon-nucleon interaction and where a collective behaviour
seems to be very scarce.l

The intermediate bombarding energy region, which is located
between 20 and 100 MeV/u is now being available. It is interesting
to see how the transition between the regime dominated by collec-
tive motions and the one dominated by the nucleon-nucleon inter-
action takes place. This region is interesting to investigate
because the incident kinetic energy of the nucleons can be of the
same order than the Fermi energy. As the bombarding energy will be
raised from 20 to 100 MeV/u, we expect the Pauli principle, which
prevents, for a large part, the collisions between nucleons, to be
Tess and less effective. Consequently one might expect, as a
simple guess (and if dissipation is still present) some kind of a
transition between the one-body and the two-body friction. We
would then become closer to an hydrodynamic picture. However in-
creasing the incident velocity of the projectile means also that
the interaction time will decrease. Consequently the collective
motions which have a relaxation time which is much larger than
this interaction time will no longer be excited. This means that,
if collective motions of the same nature as those seen at smaller
bombarding energy can still be observed, it will only be those who
have a short relaxation time (charge equilibration for instance).
We have seen, in the first lecture, that the relaxation time for
the intrinsic degrees was very short : of the order of ~ 10-22s,
However if the collision time becomes of that order, the problem
of equilibration and statistical equilibrium of the internal de-
grees becomes questionable and connected to it, the possible exis-
tence of dissipation. If there is no global statistical equilib-
rium, memory effects can be present (non Markoviar process) and
the reaction might also proceed by other mechanisms different from
the ones observed at low bombarding energy.

The differences between the reactfon mechanisms in the three
enerqy domains discussed above, might probably find their origin
in the relative balance between the intrinsic velocity of the
nucleons and the relative velocity of the two ions. This is
schematically represented in Fig. 1. At Tow bombarding energy the
relative velocity of the two fons is much smaller than the mean
velocity of the nucleons. Therefore we understand why there are
collective motions which are slow compared to the time evolution
of the intrinsic system. The interaction between the two nuclei
will create a perturbation of the mean field but not a compiete
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destruction. At very high bombarding energies it is the contrary.
The relative velocity of the two nuclei is much larger than the
instrinsic velocity of the nucleons and their binding is negli-
geable compared %to the incident kinetic energy. The mean field
represents a very small perturbation in the system which will be
dominated by the nucleon-nucleon interaction. At medium bombarding
energies both velocities become of the same order and it will not
be possible to neglect either one compared to the other. We are in
a transition region which will not be easy to treat theoretically
and experiments will also not be easy to do since, in addition to
heavy fragments, a non negligible amount of light particles, which
are not 211 of evaporative nature, will be present.

In this energy domain there are several questions which we
would 1ike to answer. Let us briefly quote some of them in an
arbitrary way :

- Can we still observe collective motions of nucleons in this
energy range?

- Do we have dissipative phe:omena and what will be the nature of
friction? Will it be of one-body type (1p-1h excitations followed
by a decay to more complicated states) or will we observe two-body
friction as it is the case for macroscopic objects?

- Can we observe a gas-liquid transition??

- How much energy, linear and angular momenta can we deposit in

the fragments? Such a question is strongly connected to the fusion
process. Indeed if we can deposit a large amount of excitation
energy in the fused system, we can reach the boiling of nuclear
matter which should occur at temperatures of the order of -
~ 8 MeV.

In heavy ion reactions which are induced in this energy ran-
ge, it is interesting to know whether the available incident ener-
gy will be converted into temperature, or into compressional ener-
gy. In fact we very 1ikely will observe a mixture of both kinds of
energy but on2 needs to know the relative proportion of them. The
compressed system will expand, afterwards probably at cconstant
entropv.? This will produce a cooling which can possibly lead to
condensation of nuclear matter into a liquid and a gas phase. If
such « process is also dissipative there will be nevertheless
entropv production in the expansion phase.

In thic lecture I would 1ike to give a feeling, in a simpli-
fied manner, of som2 aspects of the results which have been ob-
tained between 29 and 50 MeV/u. The first aspect will concern
1inear momentum transfer and the second one the possible fracture
of nuclei when they collide at such high velocities. This last
problem is related to the question of whether nuclei can behave,
under some circumstances, as a crystal.
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Fig. - 1 Schematic presentation of the three energy domains. The
wide arrows indicate the velocity of the fons and the small ones,
distributed randomly the velocity of the nucleons in the frame of
reference where the nucleus §s at rest.

1. LINEAR MOMENTUM TRANSFER

When the bombarding ene»gy is smaller than 7-8 MeV/u two
heavy fons can fuse together. If the fused system is heavy enough,
or has a lot of angular momentum, it will have a large probability
to fission. For a given mass ratio and a total kinetic energy of
the products, the most probable correlation angle between the two
fragments can be easily calculated in the laboratory system by
just applying simple kinematics. Indeed the two fission fragments
are emitted at 180" from each other in the frame of the fissioning
nucleus and one has, to go to the laboratory system, just to add,
to their velocity the recoiling velocity of the fused nucleus (see
Fig. 2). Nevertheless there will be a distribution around the most
probable value of the correlation angle because the fission frag-
ments are excited. Consequently they will de-excite by emitting
1ight particles which will change the orientation, as well as the
value of the initial velocity. This distribution will «.tend both
in and out of the reaction plane. If we now remove the condition
of a fixed mass ratio, and of a fixed kinetic energy for the fra-
gments, we will create an additional broadening of the correlation
angle between the two fragments, but only in the angle oriented
along the reaction plane. At low bombarding energies the recoiling
velocity of the fused system is equal to the velocity, V, of the
center of mass :

g S S



A
Sy L (1)
ALt Ay
where vy is the velocity of the projectile, Ay its mass and A,
the mass of the target. In this case we say that there is full
linear momentum transfer.

When the bombarding energy is raised, complete fusion is not
the only possible mechanism producing a fissioning nucleus. We can
have incomplete fusion where fast light particles are emitted
before the remaining nuclei fuse together. The fused system will
not recoil with the velocity of the center of mass because these
1ight particles have removed a part of the initial linear momentum
of the projectile. Consequently the correlation angle between the
two fragments will be larger than in the case discussed above

,[ Complete linsar momentum | Incompiate linear momentum
transfer freister

| - i

s v.
Medg !

|
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Fi1. 2 - Principle of the measurement of 1inear momentum transfer
using the correlation angle technique : when less and less l{near
momentum is transferrea from the proJecti]e to the fused nucleus

the opening angle between the two fiscion fragments, 6, {ncreases.

In such a situation we say that we have incomplete 1inear momentum
transfer. The fraction of linear momentum transferred, p, can be
defined as :

_P3 *pg
P1

(2)

where py,,, p3,, and py,, are respectively the parallel 1ip2ar momen-
tum componen ; (a1ong “the bear axis) of the projectile and of the
fission fragments. For complete 1inear momentum transfer p=1l,
whereas, it is zero for non-1inear momertum transfer.




When projectiles up to 12C, 160 are accelerated at bombarding
energies ranging between 10 and 90 MeV/u, it turns out that the
most probable amount of linear momentum transferred from the pro-
jectile to the fissioning nucleus represents a larg part of the
incident one. This is illustrated in Fig. 3 which shows p as a
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Fig. 3 - Fraction of full momentum transfer as a function of the
square root of the incide t energy per nucleon for different sys-
tems [data from refs.-7]. From ref.’.

function of the incident velocity for different systems investiga-
ted in the literature. We observe that p decreases as VE/R in-
creases. This behaviour can be regresented, to a good approxima-
tion, by the following expression’ :

p = - 0.092 VETA + 1.273 for VETK > 3.2 [MeV/u]l/2 (3)
and 3
p =1 for  VEJR < 3.2 [MeV/u]l/2

In Fig. 3 we have also plotted the points corresponding to
the Ne + Au and Ne + Bi systems which have been investigated at
SARA using the 30 MeV/u Ne beam.’” We however do not know whether
these systems will still follow the behaviour given by eq.(3) when
th? b?mbard1ng energy is increased above the Fermi energy (see
below). ' :

In order to illustrate how the correlation function of the
two fission fragments looks like, we show, in Fig., 4, the result
of such a measurement for the Ne + Au system at 30 MeV/u [ref.7].
The arrow indicates the position where the most probable value of
the correlation angle, 9, should be, assuming full Tinear momentum
transfer. In fact we see that the maximum of the distribution is



shifted towards larger values of 6 and it corresponds to p = 0.8.
Around 160° we have also a contribution of another mechanism : the
fission of the quasi Au target resulting from a very peripheral
collision where little linear momentum and energy is transferred
from the projectile to the target. Such a mechanism is usually
called sequential fission. It is easy to deduce a physical infor-
mation from the most probable values which are observed in the
experiment. However for one particular event, one has to be very
careful before drawing any conclusion. Indeed the distribution
functior displayed in Fig. 4 corresponds mostly to the fission
products following incomplete fusion plus, for the part close to
160°, a little bit of sequential fission. The large width of the
distribution around its most probable value comes mainly from the
existence of a mass and kinetic energy distributicn for the fis-
sion products, and from the evaporation of the excited fission
fragments. A1l these effects induce a broadening around the most
probable value. On top of this, we also have a distribution in the
linear momentum distribution of the incomplete fusion nucleus.
This explains why we observe, for instance, fission fragments with
a 6 smaller than the one corresponding to full linear momentum
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Fig. 4 - Correlation function of the two fission fragments observ-

ed §n the reaction Ne + Au at 30 MeY/u. From ref.7,

transfer. Of course these products do not correspond to a linear
momentum transfer larger than 100 %, but have this value of 6 just
because of the preceding effects. Since a direct deconvolution of
the results is extremely difficult, and perhaps impossible, it
seems safer to perform a Monte-Carlo simulation of the data as it
has been done in ref.’.

Eq.{3) seems to give a good representation of the experimen-
tal data concerning linear momentum transfer. However, the use of
heavier projectiles has shown th. G(his is not the case and p
depends not only on the bombarding energy but also on the size of
the projectile. This has been demonstrated using the 44 MeV/u Ar
beam accelerated at Ganil.®,3 I1f we apply eq.(3) to the Ar + U



system we would get for the most probables values : p ~ 0.656 and 5
= 105 for the particular arrangement of the detectors. In Fig. 5
we show the measured correlation function for the Ar + U sys-
tem8,9 (similar results have been obtained with Ar + Au) 3 Com-
pared with Fig. 4 we see a very different picture. Indeed the most
probable & lies close to 170~ and corresponds to a sequential
fission of the quasi target. The probability of detecting two
fission fragments decreases as 6 decreases from the preceding
region indicating that there are a small number of events ccming
from a fission of a fused system. The fact that the Ar + Au, U
systems do not follow the systematic given by eq.{3) is very
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Fig. 5 - Correlation function of the two fission fragments otsery
ed in the reaction Ar + U at 44 MeY/u. From ref.?.

surprising. It indicates that not only the bombarding enerqy, but
also the mass of the projectile is an important parameter to be
considered. Since similar experiments,l® performed at 27 Mei/u
with an Ar beam show a picture similar to the one observed with
lighter projectiles (large amount of Tinear momentum transfar;.
would be interesting to know if a Ne beam at > 40 MeV would give
something similar to Ar or to !2C. Indeed, the results cbtained
with the Ar beam seem to indicate that the Fermi energy {cp ~ 4
MeV) plays an important role in the process when the size of the
projectile is large enough : for bombarding energies below e;/u
the reaction mechanisms would be close to the one observed it low
bombarding energies an<, above ep/u, the situation would change.
Therefore more experiments in this energy region are needed to
extract the physical content of what happens.

2. VERY INELASTIC FRAGMENTS IN 35 MeV/u Kr INCUCED REACTIONS

In the preceding section we have seen that the amount of
linear momentum which can be transferred from the projectile to
the fused nucleus, depends not only on the bombarding energy, but
also on the mass of the projectile. We may also wonder whether
soTe other mechanism may also depend upon the sizes of the projec-
tile.
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Fig. 7 - Kinetic enerqy per rucleon of all the products with a
bombarding energy > 10 MeV/u. We see the presence of a lot of
events with a kinetic energy < 18 MeY/u. Their atomic numher dis-
tribution is displayed in Fig. 6.

which are detected in ref.13,1* would come from the fusion bet-
ween the participants and the projectile spectators followed by a
fission of this system. Of course it is only speculations about
the mechanism and more exclusive experiments are needed to precise
the nature of these reactions.

From the two aspects discussed fn this lecture it seems that
the energy domain between 20 and 100 MeV/u is really a transitior
region between the two physics which have been extensively 1nyes-
tigated at Tow and high bombarding energies. If {t would remain
s0, the physics would not be so rich as it is just above the Cou-
lomb barrier where many collective phenomena take place.
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With Ar projectiles the main mechanisms which are cbserved
are the following (when we restrict to fragments with a mass smal-
ler than half of the total mass) :

- Fragmentation, where we detect products with a mass and a velo-
city close to the one of the projectile.

- Light products which have a cross section which decreases when
the fragment mass increases. These products might be explained by
some liquid phase transition mechanism,2,3 or by a cold fragmen-
tation as in the case of high energy proton induced reactions.l?

- Depending upon the bombarding energy, and on the target mass,

one might also see fission products following incomplete fusion,
or associated to the sequential fission of the target-like pro-

ducts.

In the same way as an “OAr projectile has revealed different
features, compared to 12C projectile, as far as linear momentum
transfer is concerned, it turns out that, with a Kr beam, new
features have been observed.!3 In refs.13,1% the first 35 MeV/u
Kr beam provided by the Ganil facility has been used to bombard a
197py target. Experimental set-up was such that it was possible to
detect several heavy fragments in coincidence. In addition to the
usual reactions which are expected in this bombarding reyion and
briefly quoted above, it was found a new kind of events which has
not been observed with lighter projectiles. Their atomic number
distribution (see Fig. 6) lies between 20 and 28 with a most pro-
bable value around Z=24. Their kinetic energy is much smaller than
the incident one and lies below ~ 18 MeV/u. In Fig. 7 we show a
velocity spectrum of the events detected a little bit backwards
the grazing angle. In this region they represent a large part of
the differential cross section. Nevertheless they are also present
forwards the grazing angle, but they represent only a small part
(~ 1 %) of the fragmentation products.

These very inelastic events cannot be understood in terms of
the usual pictures used in this energy domain : fragmentation or
1iquid-gas phase transition. We may think at several origin for
them. For example, they could come from a could break-up of the
projectile. This would mean that the nuclei behave, under certain
circonstances, 1ike a cristal. We can also imagine, and that might
be more 1ikely, that we have a kind of participant spectator pic-
ture similar to the one used at high energies. However instead of
having in the exit channel three components corresponding to the
participants, the projectile and target spectators, we would have,
due to a reminiscence of the mean field, an interaction between
the participants and one of the spectators. This interaction could
lead to a fusion between the participants and the spectators of
the projectile or of the target. The fused system being highly
excited would fission. Therefore we would have a sequential two-
step mechanism giving three fragments in the exit channel. Those
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