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SOME FEATURES OF NUCLEUS-NUCLEUS COLLISIONS
AT INTERMEDIATE ENERGIES

Claude DETRAZ, GANIL, Caen, France

1.- ABOUT THE SPECIFICS OF INTERMEDIATE ENERGY COLLISIONS

The so-called intermediate energies are those for QH{Zﬁ:iﬁf??é}ent
reaction mechanisms, intrinsically incompatible, are expécted to compete. Such
is the case for energies ranging between 10 and 100 MeV per nucleon. The
fundamental origin of the complexity expected for collisions accuring in this
regime lies in the simple fact that the relative center-of-mass velocity V of
the colliding nuclei is of the same order of magnitude as the average velocity
v of nucleons inside the nucleus.

Both at lower and higher energies, the description of the collision can
be simplified. At lower energies, the condition V< v leaves time to mean-
field effacts to play a domirant role during the whole interaction. The
dynamics of the nucleons is continuously adjusted to a varying nuclear
potential, as the excitaticn energy and angular momentum are dissipated.

At higher energies, the opposite situation, V> v, does not allow the
nucleons of one nucleus to feel the mean- field effects of the nucleons of the
other. The re2action can be reduced to the collision of two bunches of
individual nucleons whose dynamical properties are governed by the nucleus
(projectile or target) to which they belong.

The mechanisms at work at low energy give their most spectacular effects
in what has come to be called deep inelastic collisions, while fragmentation
processes are typical of high incident energies.

None of such simplifications can be expected when V. v.

An order of magnitude of v can be derived if the nucleus is assumed to be
a degenerate Fermi gas containing two varieties of Fermions. The value of the

density,obtained from electron scattering experiments, o = 0.17 nucleons . fm=3




leads to a value of 23 MeV for the average kinetic energy of a nucleon, Thus,
intermediate energies are thase for which the beam energy is not
incommensurate with 23 MeY per nucteon.

That transition phenamena are expected at such an'energy can also be
anticipated by similar general arguments.

For instance, the wavelength X associated with a nucleon of a projectile

], available with major cyclotrons and

with an energy of say 5-10 MeV AMU™
tandems, is~mﬁéh—larger than the mean distance d between two nucleons of the
target nucleus. The incomingA nucleon will "see" (that is, interact with)
several target nucleons. The collision process will then seem to be
essentially collective. In the 1960s and 70s one could thus study the fusion
process, in which the two colliding nuclei fuse into a single excited nuclear
system, and the so-called deep inelastic collisions, where a temgorary
binuclear system is formed before the two partners separate again. The latter,
an unexpected process, offered significant new information on the collective
properties of nuclear matter and even, at a more elementary level, on the
mechanisms that allow the propagation and dissipation of energy and angular
momentum.

At the other extreme, say at 1000 MeV AMU'] energy, the situation is
clearly the opposite, becoming smaller than d. The reaction mechanism
results from the superposition of nucleon-nucleon interactions. The degree of
overlap of the two coiliding nuclei determines the dominant behaviour. [n
central collisions, comﬁlete explosion is observed, whereas in peripheral ones
a participant zone, highly excited and emitting many fast nucleons, can be
distinguished from the spectator zones corresponding to the non-overlapping
parts of the nuclei. Despite their very low beam intensity, those high-energy
machines that could accommodate heavy ions, such as the Bevalac in Berkeley
and the synchrophasotron in Dubna, confirmed this overall picture.

Similarly, one can argue that the guantal nature of the colliding nuclei

implies restrictions on the interactiorn of their nucleons. Since they are
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fermions, they can only scatter into unoccupied discrete states. Because all
the quantum states below fhe Fermi level are occupied in both nuclei, this
requires that the energy available in the nucleon-nucleon collisions be large
enough to promote these nucleons into highly excited states. In terms of
velocity instead of energy, individual nucleon-nucleon interactions ({which
result in nuclear fragmentation) play a significant part in the nuclear
collision only if the relative velocity of the nucleons is larger than the
Fermi velocity. »

This effect can probably be most clearly seen if discussed in the
momentum space [1,2]. Fig. 1 shows the Fermi spheres corresponding to a
uniformely filled momentum space up to the Fermi energy for three different
relative velocities., The target is at left, the projectile at right. The
dotted Timit on the left sphere corresponds to the higher Fermi momentum
associated with possible excitation of the target nucleus, up to the highest
possible state assumed to be some 8 MeV above the Fermi level. At Tlower
refative energy (10 Me¥ per nucleon) aone observes a Tlarge averlap in the
momentum space (dark area). The corresponding particles cannot be transferred
from one nucleus to the other because of Pauii exclusion. Thus they transfer
their whole momentum te the system, the two distinct nuclei disappear and
these particles form & new nucleus through fusion. Firom the comparison of the
three figures, one expects a disappearance of the fusion process with
increasing energy. |

The white areas of the two spheres correspond to momentum space occupied
by nucleons of one of the two nuclei on.ly. Thus they can freely scatter to
unbound states in the other nucleus. This process can be associated with the
experimenta! observation of preequilibrium emission of nucleons or/and direct
break up (fragmentation} reactions. Its dimportance clearly increases with
incident energy.

At last the narrow dashed zone indicates stripping reactions into bound

states, i.e. a pure guasi elastic process, with cross sections expected to



become smaller when the energy increases.

Transition effects should also be expected from the following argument.
The velocity of sound [3] in nuclei can be calculated from what is already
known about the elementary modes of excitation of onuclear matter. The
excitation energy of the giant monopole resonance is clearly related to the
compressibility of nuclear matter, hence to the velocity of sound. In this way

TSTHnd-+finds ‘that an elementary =¥Gcal gerturbation of the wave function of
nucleons propagates with a velocity af 30 MeV AMUT' . When the relative
velocity of colliding nucleons is far below this value, the perturbation
induced can be distributed all over the nuclear system during collision time.
In other words, thermalization can be achieved. However, for higher
velgcities, thermalization cannot be completed. Thus the nucleons ejected
remain very energetic.

One last argument, rather trivial but certainly effective, also predicts
a drastic change in reaction mechanism when the incident energy increases. It
stems from the fact that the average binding energy of nucleons inside a
nucleus is about 8 MeV. That means that a nucleus of mass A with inner energy
Targer than A x 8 MeV simply boils off. Let us assume the symmetric collisicn
of two nuclei of mass A, with an incident energy Eo {in Ma¥ per nucleon) for
the projectile. The total center-of-mass energy available is 3 AEo' It must be
smaller than 2 A x 8 for a complete fusion to occur. This EO < 32 MeV per
nucleon is a condition for fusion. For higher incident energies, the reaction
mechanism must be radically different.

It is striking that the above general arguments all Jlead to the
conclusion that an energy of a2 few tens of MeV per nucieon is the limit
between two different regimes of nuclear reactions. Striking, but mav be not
so surprising since the arguments are not completely independent : they all
result from gross properties of nuclei seen in a statistical madel where
average velocity, average momentum, average binding energy, sound propagation
are not uncorrelated. The main task of intermediate-energy heavy- ion physics



has been and still is to observe such a change in reaction mechnism and to
relate the phenomena which take place at the transition with basic¢c nuclear
praperties. A

That a mechanism change occur proved indeed to be experimentaly
spectacular. Fig. 2 represents the velocies of target fragments emitted in the
collision of an “%Ar beam with a '2°Sn target at two different energies, 27
and 44 MeV per.nuelgop {4 ] _

At lower energy, peripheral and central collisions can be readily
separated. The lower right peak, with heavy masses and low velocity,
corresponds to transfer and break-up reactions, while the large-velocity
events result from fusion reactions leading to either evaporation residues
(large masses) or fission fragments (smaller masses).

The situation appears very different at 44 MeV per nucleon where a
continuous evolution from quasi-elastic reactions to some incomplete fusion is
observed. The well identirtied fusion peak observed at 27 MeY per nucleon has
completaly disappeared.

In the two following sections we wi.l examine in detail the
characteristics of the changing collision mechanism, particuiarly through the
information collected during the first five years of operaticn of GANIL.

The GANIL energies indeed encompass the transition region where the
colliding nuclei can be seen as evolving from a coherent state to a collection
of individual nucleons. One can formulate it in terms of a thermo-dynamic
phase transition. The nuclear system formed in low-energy collisions can be
described by collective variables : it exhibits a high degree of coherence and
is not unlike a liquid. The concepts of viscosity, temperature, friction and
the shape parameters seem to be useful. In high-energy collisions, the system
behaves like an assembly of loosely interacting individual nucleons, rather
similar to a gas.

How does such a phase transition proceed and what phenomena occur when

the nucleus looses its coherence ? To observe and analyse these features is




the primary experimental objective of the acceierator. More fundamentally,
perhaps, these observations should allow physicists to address the following
questions : out of the very large number of degrees-of-freedom of the system
formed by the excited assembly of nucleons, can the few r:levant parameters
that describe its structure and evolution be identified ? This question
defines a basic*;roblem in statistical physics. The excited piece of nuclear
matter formed in the collision has very distinctive features : it consists of
a finite number of fermions, carries a high internal energy and is governed by
the laws of quantum mechanics. Present-day statistica) mechanics do not solve
this probliem, and do not provide guidelines to derive the relevant variables

nor laws to describe the evolution of such a system. These answers must come

from nuclear pnysics itself.

[1.- PERIPHERAL REACTIONS

If the impact parameter could be readily measured in the course of an
experiment, there would be no ambiquity in defining peripheral reactions. Of
course, this is far from being the case. As wiil be seen, the jmpact parameter
is determined, when possible, in an indirect and mostly model-dependent way.
Yet it is an essential ingrediént in the description and analysis of a
collision. It has been seen consistently that what could be identified as
central and peripheral collisions behaved quite differently. At this point, it
will suffice to say that one will call central collisions tnose in which the
direct trace of the projectile and/or the target nuclei is lost in the exit
channel, while peripheral ones leave ane of these nuclei, or both, identi-

fiable after the collision, even if their Z or A values have been altered.



1. Fragmentation-like processes

As soon as experiments could start at GANIL, in January 1982, the
observation of fast nuclei abundantly emitted forwards appeared strikingly
reminiscent of the fragmentation process observed with light energy

projectiles.

1.1 Experimental evidence

Figure 3, taken from ref.[5], presents a striking evidence for
fragmentation at 44 MeV per nucleon. At lower incident energy, the N/Z ratio
has had time to be equilibrated, so that the Si fragments emitted are
neutron-rich. At higher energy, here at 213 MeV per nucleon, as observed at
Bevalac [6], the N/Z7 of the fragment simply reflects the N/Z value of the
projectile. The GANIL results of fig. 3, at 44 MeV per nucleon, are clearly
consistent with the Bevalac ones. This indicates that, at intermediate energy,
one already deals with the high-energy regime of projectile fragmentation. It
is confirmed by the general properties of the fragment energy spectra [7],
shown in fig. 4. One observes that the maximum yield is close to the
projectile velocity, and decreases slowly with decreasing ejectile mass. This
can be accounted for by the fragmentation model.

Another example is provided by the data obtained for the “°Ar + %% Zn
collision at 27.6 MeV per nucleon{8], presented in fig.5. The velocity ve of
the fragments 20 <AF < 40 normalized to that of the projectile vp are shown as
a function of the ejectile mass. One sees that for the heaviest fragments
vF/vp ~ 1, as expected from a nucleon surface-exchange reaction. From P to Al,
vF/vp decreases regularly to become roughly constant again for Mg, Na and Ne.
One can make two kinds of estimate for the velocity of a fragment issuing from
a fragmentation reaction : (i) If one assumes that, in the fragmentation
process, the nucleons are removed from the projectile one after another and
that an average of 8 MeV is required for each of them, then vF/vp =[1 - 8(40

- AF)/27.6 AFJQ. This corresponds to the solid curve in fig. 5 (ii) If one




assumes that the projectile is sheared in twg, then several bonds have to Je
oroken simultaneously. The nrumber of these bonds can be treated as
praepartional to the surface of contact between the two pieces of the
orojectile when starting from a sphericai geometry. {n this case, the velocity
vz of the outgoing fragments As may be expressed as :

Vo = - ’ 2
F VP . [1 (2 ES APIEP AF)]
where ES is the separation energy. ) s

[ a SN

Ir the abrasion picture, £ = 2 vy s, where v is the nuclear surface
tension zoefficient { ~ 1 MeV/fm?) and s the area of the surface petween the
abraded zone and the fragment (i.e. the intarsection between a sphere and a
cylinder). This expression yields the dottad curve. A satisfactory agreement
is ootained with the data of fig. 3 for both caiculatians.

Again a strong indication for a fragmentation pracess is obtained from
the correlation between the masses of the projectila-like end target-like
fragment (fig. §). The near propor<ionality observed is consistant with the
abrasion mode! which correlates the mass losses oF ihe two coiliding nuclzi.

An 3nalysis in tarms of Tragmentation can be pushed Further. In 3 pureiy
geometrical picture, it can be assumed tnat the overlap region 2etween target
and orciectiie is sheared away %0 forwm a hot zone of nuciear mattar, the
“participants”, wnhereas the ramaining parts of the projectile and target, the
"spectatars”, are ognly slightly perturbed. The abrided projectila almost
arasarves its initial direction and velocity, and <arries a relatively small
amount of excitation =2anergy, wnicn is proportional +o the dirfarsnce in
surtace energy between the deformed acraded nucleus and a sgherical nucieus of
the same volume. The excitation energy of the fragments is then dissipatad by
nuclaon evaporaticn (ablation stage). Within this geometrical model, the mass
distribution of the fragments is directly related to the impact parametsr. The
geometry problem of determining the intersecting volume of target and
projectile nuciei as well as the area of the abraded fragments can be sglved

axactly by numerical integraticn techniques[16].
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In fig. 7 a} the calculated mass distribution 1is compared to the
experimental one for the reaction *“%Ar + 27A1 using a radius parameter
o ® 1.36 fm. Also displayed in the figure is the calculated excitation energy
of the primary fragments as a function of their mass. Considering the
simplicity of the model, the agreement with the data in the intermediate mass
region from ~17 to ~35, is surprisingly good. For fragments close to the
projectile, the calculated yields are too large. Actually, one will-jee below
that discrepancies occur almost systematicaly between the experimental results
and fragmentation-model predictions for such fragments. It will be shown that
they origi.ate mostly from the dominance of direct transfer processes.

The lightest fragments, below mass 17, may be produced by various
mechanisms and the disagreement between the calculations and the data does not
necessarily imply a defect of the model. A more compelling evidence for the
geometrical aspect of fragment production is given by fig. 7 b) where the
calculated ratios of the mass yields between the *®Ar + 27A] and “%Ar + naty;
reactions are compared to the experimental ones. The mass dependence of this
ratio is nicely reproduced and reflects essentially tne difference in size
between the Al and Ti target nuclei. They scale roughly as Al/a.

Also the shape of the velocity soectra can be analysed in the framework
of a clean-cut abrasion model according to the formalism of Goldhaber{ 9], as
done for instance in ref{7:. In this model, the mamentum distribution of a
given fragment simply reflects the momentum distribution, assumed to be
Gaussian-shaped, of nucleons inside the projectile. It is given by :

P{p) =exp -{ (p - p0)1/2 g%
where Py is the momentum corresponding to the maximum of the distribution,
while the dispersion about this value,o , is given by :
g=0 4 (Ap - l\)/(l\p -1
and
G0 = <pF>Z/3

where < pF>2 is the mean square value of the single nucleon internal momentum

"



in the projectile, and wi.are A and Ap stand for the masses of the ejectile and
projectile, respectively.

A comparison between the experimental widths and the theoretical ones is
given in fig.8. A satisfactory agreement with the above parabolic law is
obtained for masses between 16 and 35 taking for 9 the value of 112 MeV/c
directly derived from the electron scattering data. In the same figure are

also drawn parabolas with 9y = 112 MeWc + 10 % in order to show the limits
compatible with the data precision.

Below mass 16 or so the velocity spectra are so asymmetric and the low
velocity tail becomes so important that it is no longer reasonable to compare

the data with the Goldhaber picture.

1.2 Oeviations from a clean-cut fragmentation model

Indeed the data of ref.[7] as displayed in fig.4 or, as contour plots,
in fig. 9 show that the ejectile has a broad velscity spectrum extending far
below the beam velocity. The shape of the contours in fig. 9 evolve rapidly
with the size of the ejectile, for the asymmetry of the distribution as well
as for the steepness of the peak. The lighter the ejectile, the more
asymmetric the velocity distribution is. At such a small angle (3°), the
spectra are quite representative of the longitudinal momentum dispersion. In
addition to a major component essentially gaussian in shape, there is always a
Tow velocity tail whith grows with the decreasing ejectile mass., Such a
behaviour is not reported at high bombarding energy!(6 ..

Thus the data clearly exhibit some distorsions from what is expectea in a
simple fragmentation process.

This is confirmed by a systematic study of the variation of a4 with the
mass of the ejectile. Fig. 10 taken from ref. {1 ] demonstrates the difference
between the results observed at high (213 MeV per nucleon) {6} and at
intermediate (27 MeV per nucleon) energy (8 . For the lower energy case, there

are obviously two families of points. For masses below AF = 39, the g o valuye
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is constant {g, ~ 84 MeV/c) and close to the ones derived at 213 MeV per
nucleon. But fragments close to the projectile have a much smaller reduced
width close to 50 MeV/c. This apppears indicative of a direct surface transfer
reaction. It will be analyzed in detail in the next section.

One more striking departure from the simple fragmentation model is found

if one analyzes the transverse momentum distribution of the fragment. This is

complementary to the study of the longitudina} Histribution, derived {Fig. 4)
from the velocity spectra of the fragments at very foiward angle. The
transverse momentum dispersions can be deduced from a fit to the fragment
angular distributions or from contour plots such as those of fig. 9. Again the
Goldhaber model{9 | provides a parametrization of g, 1in terms of 5 , the
variance of the momentum distribution of individual nucleons inside the
nuclei, and of two more parameters, I which arises from the deflection of the
projectile in the field of the target, and 9c which accounts for Coulomb
scattering. Fig. 11 clearly shows that the mode] does not describe the data
correctly,

Most authors, 1ike in ref. {16 ], assign this discrepancy to the occurence
of energy damping of the fragments, which cannot be reproduced in the
framework of a simple statistical model.

Other 1imits to a description of the interaction as a frugmentation
process can be seen in the analysis of the N/Z ratic of the fragments.

For instance the data collected in fig. 12 show the influence of the
neutron excess of the target on the average neutron value of the fragment.
When mean N/Z ratios of projectile-like fragments from the reaction
27 MeV/u Ar on S3Ni, S5°Ni, 92Rh and !°’Au are compared, strong odd-even
effects are observed, whatever the target, Also a clear relationship appears
between the N/Z of the target and N /Z of the ejectiles. The more n-rich the
target is, the more n-rich the fragment is. This enrichment in neutrons fis
clearly due to the n-excess of the target and not to its size : % Ni and !?3Rh

have the same N/Z ratio, 1.28, as compared to S&Ni (1.07) and *°7Au(1.49).This




effect is in fact strongly enhanced when looking at the most n-rich products
of a given element 10 }.

The influence of the target might be an indication that the interaction
time, although very short ( <1072 sec), is still long enough to allow the
exchange of a few nucleons between the two interacting nuclei. Another process
might be the possible reabsorpticn of nucleons from the participant zone. Both
effects are supposed to decrease with increasing energy. Larger effects are
indeed observed, for the same system {Ar + Au), at 27 MeV than at 44 MeV per
nucleon.

The above results are only a small part of the data which, over the last
couple of years, have definitely documented the major feature of peripheral
collisions at intermediate energy : they are dominated by a fragmentation
process ; yet they exhibit deviations from that process which clearly show
that mean-field effects, which are dominant at iower energies, are still at
work .

This conclusion justifies that calculations be undertaken to account

for the cbserved production cross section with simple geometrica?! models.

1.3 Calculation of fragmentation products at intermediate energy

Guerreau [12 ] calculates these cross sections using the simple abrasion
ablation model. The mass distribution is calculated under purely geometrical
considerations on the degree of overlap between the two interacting nuclei.
Then the charge distribution is deduced assuming zerg-point motion of the
giant dipole resonance in the projectile [ 13 }. starting from the
geometrical-model estimate for the excitation energy of the fragment, the
deexcitation stage, which plays a major role for detef@iping the eventual
production of very unstable nuclei, is calculated using tgg—gode LILITA{14].
This deexcitation is calculated for all primary products (i.e. around 280 for
an Ar induced reaction) and the final mass and charge distributions are
deduced. Results of such a calculation are shown in fig.13 for the system
44 A.MeV Ar + Ta, and compared with expérimental results obtained at GANIL on
this system (closed circles) and those from a very similar system,

44 A.MeV Ar + Au [1] lopen circlec).



The agreement is quite satisfactory for the peaks of the distributions,
with c¢ross sections ranging between 1 and 100 mb, and still very goad for the
most neutron-rich isocopes abserved. Thus this calculation has a valuable
predictive ability which is used in the current search of very exotic nuclei
at GANIL.

In another direction, Dayras and his coworkers[16] have developped an
extended abrasion model to take into account in detail some kinematical
effects of the coilision. They note that even at relativistic energy, the
velocities of the projectile fragments are slightly shifted downwards from the
projectile velocity, indicating that the fragments have lost energy in the
abrasion process. This slowing down of the projectile fragments has been
successfully calculated, assuming that successive removal of bound nucleons
from the projectile in the abrasion stage results in a frictional force. At
intermediate energies, the energy damping of the fragmenis is mare
substantial, as illustrated in fig. 14 where the average kinetic energy per
nucleon EF /A of the fragments is plotted as a function of their mass. The
energy loss increases almost linearly with the number of nucleons removed from
the projectile. For fragments of a given mass, the energy loss tends to
increaseslightly and systematically with their charge number. In order tc take
into account this slowing down of the projectile-like fragments in the
intermediate energy regime, an extension of the abrasion mpde?!, whicn includes
kinematical effects, is proposed by Dayras et al[16].

Within this model, it is assumed that the energy damping of the fragments
results essentially from the energy dissipated in order t-. split the
projectile or (and) target into a spectator and a participant part.

Analyticai.'expression can then be derived for all tﬁg- kinematic
observables under an explicit estimate of the energy released by the splitting
of both the projectile and target into participant and spectator parts. In

fact these separation enmrgies are taken[16] as :



S =°sabr - {1 -a) Sgg

where Sgg is the grouni state separation energy calculated in the framework of
the liquid drop model, and Sabr the separation energy as given by the
geometrical abrasion model,
Sapr T 2¥Ss

where y 10.95 MeV/fm 1is the nuclear surface tension coefficient and s is the
area of the interface between the abraded zone and the remaining fragment (see
section I1.7.1). A fraction of S given by a (Sabr - Sgg) will appear as
excitation energy in the fragments and in the fireball. The factor a 1is a
parameter which permits to vary the separation energies from their ground
state value Sgg( @= 0) to the value S, . given by the aprasion model (e = 1).
[t is expected to depend somewhat upon the interaction time {or relative
energy between projectile and target). it should approach 1 at relativistic
enerq12s where fast clean-cut abrasion is expected. On the other hand, wnen
the bombarding energy is decreasad, the interaction time becomes sufficient to
permit some rearrangement of the nucleons in the overlap region between
projectile and target. This leads to a break-up configuration which is
energetically more favourable corresponding to a value of 5 less than 1. In
fact, in agreement with the abovz arguments, it was found [16  that using
separation energies as given by clean-cut abrasion produces too large energy
iosses for the projectile fragments in both the *?Ar + 27A1 and *¢ Ar - =87j

reactions., Indeed values of a equal respectively te 0.4 and 0.8 give the best

agreement with the data.

2. Transfer reactions

2.1 Experimental evidence

It was noted already that those fragments close to the projectile
exhibited kinematical properties which were at variance with fragmentation
(see fig 10). These results were attributed to the dominance of direct
multi-nucieon transfer processes. A direct evidence for the occurence of such

processes was obtained, as soon as GANIL operation started, when forward
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emitted species with Z and/er N values larger than those of the projectile
were opserved (fig.15). Furthermore it appeared possible to account for the
energy spectra of isotopes close to the projectile by DWsa calculations
{fig.16}).

A definite demonstration of the occurence of direct transfer process can
be obtained through the result of a quasi exclusive experiment in which the
fragments are observed in coincidence with light particles{19]. The Tatter are
detected in a forward cone of 30°. Fig.17 strikingly demonstrates that most
fragments close to the projectile emitted at forward angles {in the present
case 4°) are not accompanied by the emission of a light particle. Even at such
high energy (60 MeV per nucleon), pure transfer dominates, accounting for
instance for 60 % of the cross section of 7 = 17 fragments. it might be noted
that for Z higher than the projectile value (Z = 18), the probability that a
light parti:le is emitted in coincidence increases, indicating a more complex
process which would associate transfer and subsequential deexcitation.
Transfer probabilities appear to remain similar between 35 and 60 MeV per
nucleon (fig.18) with little or no effect of the target.

For fragments which are further away from the projectile, the coincident
emission of light particles is more probable (fig.17).Yet the influence of direct
transfer is still apparent : it is shown!19} for instance that the {Z = 13) - ¢
channel is dominated by sequential decay of a Z = 15 fragment with a rather
well defined kinetic energy (fig.19).

2.2 The selectivity of transfer reactions at intermediate energy

Nucleon transfer between nuclei in tne energy domain up to 20 MeV/u is
well understood. [t has been shown that spectroscopy of individual nuclear
.states is possible by use of heavy-ion transfer reactions. Specific dynamical
properties of these reactions are connected to the "recoil effect" which leads
to matching conditions as discussed e.g. by 8rink{20]. At higher energies,
nucleon transfer between low-lying states becomes smalier. It degends on the
details of the momentum distributions since the center-of-mass momentum of the

17



transferred nucleon must be compatible with the momentum wave function of the
initial and final states which have very little ogverlap at‘ high relative
velocity of the colliding nuclei. Fig. 20 gives a schematic representation of
the two momentum distributions in a A + (b + ¢) « (A + ¢) + b transition.

Simple arguments based on energy and angular momentum conservation
indicate that, in accordance with Brink's semi-classical matching rules| 20]
the transferred angular momentum must be large. A second rule which applies at
high incident energy is illustrated in fig. 21, in the particular case of a
1pd, i. e. j<, initial state of the transferred nucleus. From the fact (due
to the relative high velocity of the projectile P and target T) that the
angular mementa of the transferred nucleon in P oand T point in opposite
directions, it is shown that non spin flip is favoured. As a result,
transitions ‘ji = 11. + 3 - ,jf = lf + ) are favoured[22]. The results of a
208Ph (160, 1SN) 20987 experiment provide striking confirmation of these rules
(fig.22}. Similar results were obtained for the one-neutron transfer
(140, 150 ) transition, while angular distributions of the strongly populated
states in the final nuclei were reproduced by DWBA calculations{22].

Since the selection rules are now clearly established, the way is open to
the identification and study of states of very high spin resi:iting fram the
coupling of two (or three) holes or particles of high j by use of two-{or

three-)particles transfer at high energy.

2.3 ldentification of collective states at high excitation energies

The high angular momentum which can be transferred through the collision
of two nuclei has been successfully used to form rotational states of very
high spin, even with méSEWite incident énergyi23) T T RINNrINz o 75 ik wss

The specific knowledge which appears to be gained by increasing the
incident energy to a few tens of MeV per nucleon concerns giant resonances.

In the liquid-drop model, giant resonances are interpreted as collective

vibrations of the nucleus. For example, the monopoie resonance is a
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compression mode whereas the other modes are associated with nuclear surface
deformations. In electric isoscalar vibrations, all nucleons vibéate in phase.
Conversely, in isovector modes, protons and neutrons vibrate out of phase, as
do spin-up and spin-down nucleons in magnetic resonances.

Heavy ions are a very effective tool to excitg giant resonances. Fig. 23
shows that the giant quadrupole resonance 1is strongly populated by the
inetastic scattering of 44 MeV per nucleon “%Ar projectiles. Moreover the
differential cross sections are found to increase with incident energy [25 . -
For instance, fig. 24 exhibits the resonances observed by 200 MeV per nucleon .
C scattering on Au. These structures could correspond to the high-energy
monophanon strength. :

At intermediate ' energies, quasi-boson calculations predict that
multiphonon excitations should be maximal. Fig. 25 presents some data for
the “PAry9°Zr reaction at 44 MeV per nucleon (24 }. Bumps are visible up to 60
MeV excitation energy. At Teast three bumps are observed, at 50, 58 and
66 MeV, independently of angle.

In order to get a deeper understanding of these results a Fourier
analysis has heen performed. In order to eliminate the statistical
fluctuations a filter is applied to the high frequencies of the Fourier
transform spectrum and then the inverse Fourier transform is taken. In figure
26 the result of such an analysis is compared to the original spectrum. [n the
histogram which is the result of the analysis, the statistical fluctuations
have been eliminated and only wide bumps are observed. This analysis allows a
better definition of the positions of the structures. Figure 27 presents the
same analysis performed on two spectra at different angles. This figure
illustrates the fact that the strw¥rés appear at the sime SRETTTTINIETErgy, »:ie
at least around the grazing angle (24 ]. However, whether those structures are LT
independent of the incident energy but directly dependent of the target
nucleus still is an open Juestion due to conflicting vesults{ 24,27] .
Theoretical studies [28] indicate that multiphonon excitations might be

responsible for the population of these broad states.
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[II.- CENTRAL COLLISIONS AND EXCITED NUCLEAR SYSTEMS

1. Central collisions as a source of hot nuclei

A fundamental question oOpen in nuclear physics concerns the maximum
temperature at which a nucleus can be brought before it evaporates. It
immediately appears that such words as "temperature® and "evaporate" cannot be
used without caution. Is temperature the right concept to describe the
properties of a nucleus of increasing internal energy ? How is the temperature
to be defined for a limited and quantal object ? How to measure it ? I[s
"gvaporate" the right concept to describe the phase transition which might
occur with increasing internal energy ? )

In the study of the more general problem of the equation of state,
intermediate energy accelerators such as GANIL can participate in a very
fruitful way, for the simple reason that higher temperature requires higher
internal energy which can be reached only by higher incident energy in the
collision.

Yet the experimental difficulties are overwhelming. ODefining a target
nucleus, a projectile and an incident energy does not define a precise
thermodynamical state. Son one must select a restricted sub group of the
possible nuclear systems. Such parameters as the multiplicity of light charged
particles emitted are used to that purpose. [t is precisely at this stage that
one is confronted with what might be at present the most difficult
contradiction of this study. On one hand, one must. carefully identify the
actual individual processes, which imposes extremely exclusive experiments,

but at the risk of making detailed studies of microscopic aspects of the whaole



And indeed, even if rather precise thermodynamical conditions are
experimentally defined for the system formed in the collision, it remains
difficult to formulate and measure a "temperature" from experimental results,
because of at least two major problems. First, one must ascertain that the
composite system is truly isothermic, i.e. that the temperature is the same in
all parts of the nuclear system at a given time. Second, heat dissipation,
which occurs through the evaporation of particles of fragments, reduces the

) internal excitation energy of the system, hence implies a variation of the B
temperature with time. Experiments try to overcome these problems. From the
above discussion, it is clear that the choice of experimental filters to
identify the process is essential. It is illustrated in the cases described

below.

2. Disappearance of fusion with increasing incident energy
The bombardment of a heavy nucleus like Uranium by a projectile like
e.g. “"Ar can lead to fission products in two ways. In case of a peripheral
collision, the recoiling U- like nucleus is excited and undergoes fission. In
case of a central collision, which is expected to lead to complete or partial
fusion, the compound nucleus also fissions. [n the first case, the recoil
velocity of the fissioning nucleus is low, while in the second case it
represents a large fraction of the center-of-mass velocity. This difference is
kinematically reflected in the angular correlation between the fission
fragments. Thus, the two processes can be distinguished by measuring the angle
between the directions of these fragments : the smaller the correlation angle,
the higher the velocity of the recoiling fissioning nucleus, i.e. the higher
- -the- momentum transfer- (fig.. 28). This powerful and=wery illustrativermethodmess’
has given strikingly clear results (fig. 29). They confirm in more details and N
ih a quantitative way what could be anticipated from the result shown in fig.
2 : the fusion-fission process disappears rather abruptly around 40 MeV per

nucleon for the Ar + Th system. i
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Similar evidence is obtained from a study [ 31 }Jof the “°"Ar + 274]
system. The experimental advantage of reverse kinematics, i.e. that all the
products of the reaction can be detected in a narrow forward cone in the
laboratory, is put to use to observe the products of both direct and damped
reactions (fig.30). The damped componen: disappears progressively when the
energy is raised from 27 to 40 MeV per nucleon.

A quantitative measure of this disappearance is obtained [ 31] from a
comparison of each energy spectrum for a given E. with the corresponding

inc

spectrum at E; = 40 MeV per nucleon through the measurement of
inc 9

chi-square (y?) defined as
Xrat/n [ ?_‘ (5;,-“;) (iva'_ad,)-‘/z,_]b

where aj (respectively bj } are the amplitudes for the channel j at the
considered energy (respectively 40 MeV/amu), and N the normalisation factor
equal to the number of channels on which the y? is calculated. Fig. 31 shows
the x*® values for various residues as a function of the beam energy per
nucleon. It can be clearly seen that, whereas the 36 and 40 MeV/amu data do
not exhibit susbtantial variations, the lowest energy data (27 Mev/amu) differ
in a large extent because of the amount of the evaporation residue component.

The net result is that the evaporation residue component vanishes for beam
energies in excess of 32-36 MeV per nucleon, which is close to the value which
would be derived from fig. 29 in the very different case of the Ar + Th
system. It is also interesting to relate this result to other observations
concerning the drastic reduction of the cross section for fusion-1ike products
at 44 MeV per nucleon in the collision of Ar with a variety of targets, as

discussed by Borderie and Rivet [32]. One would then suggest that the relative

velocity "5 the parameter which governs the disappearan®® of fusion-like

reactions. Yet several results obtained with a '2C beam indicate that
quasi-fusion processes are still effective at considerably higher

energies [33,34].
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[t might then be more realistic to assign the disappearance of fusion with
increasing energy to a threshold effect due to a limitation in the excitation
energy that a nucleus can sustain. This effect, predicted by 8aenche and
caworkers [35 ], would lead for instance to a maximum temperature of 7.5 MeV at
A < 60 (Ref.[ 361}, This is clase to the experimental result indicated above
for ref. 29. The limiting temperature is also predicted to decrease with
increasing mass of the campasite nucleds, in qualitative agreement with

experimental results.

3. Measuring the temperature of excited nuclear systems

As indicated above, the thermodynamical state‘of the nuclear system formed
in a collision is by far not unique., [t depends upon the impact parameter and
it varies as time elapses, in the same way as a classical system would.
Furthermgre, it is subjected tc all the variations expected far a quantum
systam, already in the entrance channel, and more and more so as the collision
develops among the quantal channels open to the systam. Thus the extraction
from an experimental result of the temperature of a systsm is an arduous task
wnich mus* be restrictad by at least a crude estimate of parameters such as
the impact paramet~-, or the total angular momentum, or the linear momentum
transferred to the system, or the stage of the reaction process at which the
temperature is measured, etc...

The success of the semi-classical description [37 1 based on the
Landau-Vlasov equation allows to illustrate the above points. Fig. 32 shows in
particular that the system is not thermalized until some 80 fm.c-', or about

3x10=2t s, since, before that time, the momentum distribution of nucleons is



In this case, their energy might truly inform us on t™e temperature value.

3.1 Temperature from the energy spectrum of particles

Indeed the shape of the kinetic energy spectra of light particles emitted
in the collision of two nuclei can be related to the temperature of the
emitting source by the statistical theory { 39,40 J. The energy spectrum of a
particle is expressed as

W(E) dE = [(E - Ethresh)/Tz] exp ['(E'Ethresh/T)] dE
where Ethresh is the threshold energy for the emission of the particle, i.e
the corresponding coul~ab barrier, The main advantage of the method is that it
is free of any assumption about nuclear state ;ensities. But of course the
above formula holds only as long as the particles are emitted by one given
nuclear species at a specific temperature. The method can thus be fruitful or
erroneous deperding on the cases in which it is applied. At high incident
energy, the smooth decrease with E given by that formula might reasonably
reproduce the data, yet unrealistic values of T might be extracted from such a
fit. In the case of 44 MeVY/uma Ar projectiles on Au, a temperature as high as
15 MeV is deduced. It is certainly grossly overestimated since, under the
assumption of a Fermi gaz where the excitation energy E* is equal to aT2, witf
the level density parameter a taken usually as A/8 in MeV‘], a 15 Mev
temperature corresponds to an excitation energy of some 30 MeV per nucleon. It
considerably exceeds the well known binding energy of about 8 MeV per nucleon.
Qbviously no nuclear isothermic source can exist with such a temperature. This
jillustrates the necessity of more exclusive experiments since inclusive
spectra do not distinguish between the different contributing mechanisms. In
’ pmﬁggéﬁés?ﬁ?ﬁglés can be emitted not by primary fragments, but
by those which have already undergone emissions of various kinds, the energy

spectrum is accordingly broadened in a way that, as statistical calculations

have shown, can increase the apparent temperature by a factor of 2.
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A more realistic value of the temperature can be obtained from more
exclusive experiments under reasonable assumptions for the reaction process.
If one assumes that after a Ar + U collision, some of the particles are
emitted from a thermalized, hot and deformed rotating system, and the other by
fully accelerated but rather cold fragments, a good fit to the data can be
obtained with a 8 MeV temperature for the composite system (fig. 33).

Thus, while the extraction of temperature from inclusive data is quite
unreliable, useful results can be reached from the energy spectra of the light
particles emitted in the reaction if the emitting nucleus is detected in
coincidence with the evaporated particles, and if the consistency of the
results is checked by varying the detection angles, in particular to test that

the emission is isotopic, a good proof that thermalization has been achieved.

3.2 Temperature from the ratio of populations of different states

If a nuclear fragment is emitted from a thermalized nucleus, the various
possible quantum states of the fragment, characterized by their excitation
energy E*, should appear with a probability P which decreases exponentially
with E* according to the Maxwell-Boltzmann statistics. More precisely, P will
be proportional to exp (-E£*/T). Thus the population ratio between two states
of energy E*; and E*, will be R = exp [—lE*]-E*Z)/T ].

The two states might be particle stable, in which case they might be
detected directly or through their decay vy rays (see e.g. ref. { 41]). If the
clusters are particle unstable, the fragments from their desintegration might
be detected in coincidence {see, e.g., ref. [42]). An example of the results
obtained by this method is given in fig. 34.

It shows the caingidence yield for the two products resulting from the
decay of a Li cluster versus their relative kinetic energy. One observes two
bumps corresponding to two excitad states of the cluster. Their relative
abundance may be used to determine a temperature. Are these temperature values

reliable 7 The method may be correct only if the observed clusters simply
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reflect the thermal state of the source, i.e. if the observed decay by cluster
emission is a primary one. “Side feeding" produced by previous decay branches
would obviously distort the simple relationship between the ratio R and the
temperature T indicated abave, resulting in an erroneaus estimate af the
temperature. Although the side feeding effect can be calculated [ 43,44], some
caution must be used when drawing conclusions from limited data, and ref. [40]

contains a thorough analysis of thz experimental and theoretical problems
involved. Yet the comparaison between several cluster channels [ 44] and the
observed consistency between the extracted temperature values paints to the

validity of the method. An example is given in fig. 35 and 36.

3.3 Other methods and conclusions

In a recent review [40] , Tamain has outlined that other experimental
parameters shed light on the properties of thermalized nuclear systems, hence
on their temperature, In particular any way to measure the excitation energy
of a hot composite system might lead to an estimate of the temperature.

One such way consists in the measurement of the multiplicity of the
evaporated particles. For instance it was shown [46] that the number of
emitted neutrons is correlated with the folding angle of the fission fragments
into which the compound system ultimately decays (fig. 37). The latter one
being correlated itself with the momentum transfer and the impact parameter,
as discussed in section [II2, a consistent overall picture emerges. The
average energy carried away by each neutron can be estimated, although with
one drawback, namely that this procedure is obviously model-dependent. This
results in the knowledge of the total excitation energy E* of the composite
system. )

T An;gher estimate cume;*f;o;ﬂiizgzzng?a;;loc1ty of the compos1téﬂ§y;¥E;L
The kinetic energy lost in the collision might be assigned to internal

excitation energy. Again, the value of E* is transferred into a temperature
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E* = a T:where a s the Jlevel-density parameter, as discussed already in
section III 3.1.

One sees that temperature measurements are difficult. The relevance of
the concept, as discussed above, must be seriously ascertained and its use
properly restricted. [n spite of the difficulties, both theoretical and
experimental, it is now established that hot thermalized systems have been
formed and observed with temperatures of at least 5 MeV. Wether higher .
temperatures can be reached, possibly in excess of the nuclear binding energy, :
which specific decay modes wqu]d occur for such states, these are some of the

open and puzzling questions.
4, Developments

4.1 Detailed study of limited hot systems

As the collision between two nuclei develops, partial thermalization
might gccur for a limited and well separated set of nucleons. Careful
coincidence measurements are of utmost importance since the nuclear system as
a whole, as it results from the collision, is highly unhomogeneous(47].

In particular, an analysis of the momentum correlation of two light
particles emitted simultaneously in *°Ar-induced reactions on '°7Au at 60 Mev
per nucleon has been performed[48). It is expected to provide an estimate'bf
the size of the emitting source according to the classical Hanburry-Brown and

Twiss procedure (49 L

The main result already obtained is illustrated by fig. 38. There is an

- unmistakable~yariation in the spacetima—lggaldzakion of the emission of e
coincident particles. Namely, the emitting subsystem grows larger as the

impact parameter decreases, and the number of violently interacting nucleons

increases.
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4.2. Calculating the dynamics of the coliision,
The detailed calculation of how the whole set of nucleons reacts and
evglves with time in the collision of twa nuclei at intermediate energy is a
serious challenge. Yet it is a clear necessity if one is to extract, from the
simple phenomenological description of observed parameters, a physical image
of broader significance. What makes such a calculation a challenge around the
Fermi energy is that none of the simplifications used at lower and higher
- energies are legitimate. At intermediate energy the deposition of energy into
the nuclear system results from a dynamical balance between one - and two -
body dissipation.

Solving the nuclear Landau-Vlasov equation has proven to be both
possible and effective [37,50]. The diffuseness of the nuclear surface, the
long-range effects of the Coulomb interaction, the short range nuclear field
and the residual interaction must be and have been included. Thus, a reliable
model is now available to analyze the experimental results and search for the
specific nuclear properties at the 1imit when the excitation energy deposited
into the nuclear system can lead to its disassembly. The lecture by C.

Grégoire at this school describes this important develoament.

4.3. The onset of multifragmentation

The disappearance of fusion with increasing incident energy is now well
documented, as discussed in section I[I, 2. It appears that the maximum
excitation energy or temperature that a nuclear system can sustain has been
reached. The way in which a nucleus reacts when this limit is trespassed would

- certainly be very informative on the propertias of nuclear systems.

=7 There is no doubt -timtxthe disassembly.-of: the=systamrresults into -the--

. emission of nuclear fragments. Nuclear chemists, long ago, have collected an
impressive and consistent amount of evidence which shows that the probability
of the fragment emission decreases with Z (but is still sizable for Z larger

than 10), when a heavy nucleus is hit by a light particle of some hundreds of
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MeV or a few GeV of energy. Now, the detailed study of nucleus-nucleus
collisions around 30-50 MeV per nucleon allows to address the following
question : does the highly excited nuclear system decay into all the many
channels open to fragmentation in a purely statistical manner ? Or does the
excited N-body quantal system break up into a few large pieces in a
non-linear, non-statistical way ? In other words, are there structural
instabilities which prevent the heated system to evolve as a gaz-like system
would ? Multi-fragmentation is suspected to occur, but rio definite evidence is
yet obtained. It is expected that exclusive experiments will allow to observe .
and, if the theoretical models which predict its occurence are right, to study

this novel phenomenon in the next few years.

[V. - SYNTHESIS OF NEW NUCLEAR SPECIES IN [NTERMEDIATE ENERGY HEAVY-ION

COLLISIONS

The importance of fragmentation-Tike processes at intermediate energy has
opened a new and very efficient way to produce nuclei far from stability. [ts
effectiveness was first demonstrated at higher energies, around one GeV per
nucleon, since such beams were available first. The Z and N distributions of
the projectile fragmenits being governed by statistics, they contain sizable
yields of unusual Z, N combinations. Pionneering work along this line was done
at the BEVALAC in 197951 ].

The availability of new heavy-ion accelerators, with energies reaching
100 MeV per nucleon, but intensities much higher than those obtainable at the
BEVALAC or SATURNE, opens a possibility to dramatically extend the usefulness

- of that method.

e " Fragmentation at, say, 50 MeV pef™hutleon is certainlynot tHe EMmrxs:
process observed at much higher energy, as discussed in chapter . Indeed, two . °

impartant factors are lost by decreasing the energy. First, effective targets

are simply thinner, by up to two orders of magnitude. Second, the momentum

distribution of the fragments, which in first order results from the fnner




momenta of participant nucleons within the projectilé (see section I}, is
relatively broader at GANIL than at BEVALAC energies, hence thé collection of
fragments is less efficient, by about one order of magnitude. Yet the fact
that the intensities available at GANIL for the projectiles of interest reach
5 x 10 pps and are expected to increase over the years offers an unmatched

opportunity to produce new exotic isotopes.

1. Towards the proton and neutron drip lines

Knowing that an isotope is bound or not for proton or neutron emission
puts a Timit on its binding energy, and allows a comparison with the large
number of theoretical mass predictions[52]. The-fragmentation-like process of
projectiles at GANIL has been used to push the 1limits of experimentally
observed nuclei further toward the drip line.

The prime requirement of such investigations is to detect and identify
fast projectile fragments with as high an efficiency and as low a background
as possible. A double magnetic system called LISE [53] was built to best meet
this requirement. Fragments selected according to their A/Z values are
collected in a Tow-background room by a triple-focusing system within the 5 %
momentum acceptance of the magnetic system. Further fragment selection,
accomplished by using an energy degrader between the two dipoles, has been
successfully realized[54].

This last improvement has proven to be of utmost importance. It
dramatically restricts the number of collected nuclear species from a few tens
(see fig. 39) to three or four only {see fig. 40). It has probably done, at a

very low cost, more than a gain of a factor of 10 in incident energy would

have-accomplished.. Indeed, at GANIL enmergies, for the pacageters mentionned,

the limiting factor is the counting rate in the telescope located at the focal
point of LISE. Getting rid of most of the abundant species has allowed to make
full use of the momentum aperture of the magnet and of the beam intensity. To

give only one example, the collection rate of the exotic *! Ar isotope has gone
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from 3 X 10-3 to 1 per second by using the extra selection provided by the
energy degrader. - .

In successive runs over the last two years, many isotopes were observed.
From an *®r projectile, 2™, 2%e, ?%Ne (ref.[15]) and even 22C (ref,[ 59 )
were observed, while the unbound character of 2!C and 2°0 was established. The
fragmentation of neutron rich °&r projectiles yielded fourteen new isotopes
[56 ]

On the neutron-rich side, the neutron drip line appears to be reached all

- the way up to Z = 7. The relevance of the type of results reported here is
‘well illustrated by the case of 2?Ne that all mass predictions but onels57 ]
found unbound and which was definitely observed ﬁS L It might be relevant to
note that with Z = 10 and N = 19, this isotope, for which a binding energy
larger than predicted by systematics or extrapolations is observed, lies very
close to the Z = 11-12, N = 20 nuclei. This is an area of very strong
deformation (58 ] at the expected location of a closed shell. That case indeed
has provided a clear example of the unique and fundamental! information on
nuclear models that the study of exotic nuclei can contribute.

On the proton-rich size, the use of  *°Ca projectiles allowed the
observation of Tz = - 5/2 isotopes, ®%i, ®’s, “'Ar and ’%a (ref.[59]) and
even 2%i (ref.[60] (fig.40)). From a run with a %8 Ni beam, twelve new
isotopes could be reported {ref. [p1 ] (fig. 39).

As 2 result of the observation of “%Si, the proton drip- line is now

reached up to Z = 20.

2. Some properties of exotic nuclei

’ : TR AR Although tha ‘méfe ‘observation of new isotopes carries: useful-inWMREtion,
as examplified above, and because it puts any theoretical estimate of nuclear
binding energies to a test. exotic nuclei have more to offer. May be simply in
helping to understand what we mean by the existence of a nucleus and in

extending the concept of radiocactivity (fig. 41).
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As an illustration let us discuss the prospects for observing some new

radioactive processes.

2.1. The search for new radioactive modes.

The concept of radioactivity has greatly benefited in the last few years
of the discovery of new radioactive processes. Some new ones might be
obtainable through the improved production of exotic nuclei provided by
intermediate-energy heavy-ion beams.

A very fascinating process would be two-proton radiocactivity. Pairing
- energy effects make the binding energy of many even-Z proton-rich nuclei
stronger against one-proton than two-protons emission. At the proton drip
line, it might happen that a nucleus is thus bound for one proton emission but
is able to decay by the emission of two protons. This process was discussed
long ago by Goldansky [62 ] and Jénecké [63 ). The probability of this emissinn is
governed by barrier penetration which itsely strongly depends upon the
kinematics of the two protons. It is generally predicted that the
configuration most Tikely to speed up the crossing of the barrier corresponds

to two correlated protons equally shariag the available energy.

Some light nuclei which can be produced from GANIL projectiles are good
candidates to exhibit 2p radioactivity. Their negative binding energy (Ezp)
should not lie below about - 0.8 or - 1 MeV so that the T} (2p) value is not
so short as to make the nucleus decay before it is detected. And it should not
lie above about - 0.3 or - 0.4 MeV so that the T3 (2p) value is not so much

. longer than the competing T3 {(g) value as to make the 2p branching ratio

vanishingly small. Thus a narrow energy window, say - 0.4 > EZp > - 0.8 Mev,

| raeists, for potential candidates, to 2p cadjoackivity with Z values,arqund 15 or
20. : ’

The nucleus *WAr, which can be produced at a rate pf about one per second

at GANIL, appeared tc be a possible candidate fqr_zp ri#ioactiv1ty since the

predicted E2p value, of the order of 200 nkgv; ~was, within typical
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uncertainties, close to the above energy window. Yet it is found that the half

1ife of 31Ar, 15 + 3 msf64], is not reduced from the expected B-decay half

life, hence that the 2p process, if present, is quite marginal.

Another candidate is *9Ti with a predicted EZp value of about 700 kev, It
is still to be observed (see fig. 39}, but lies now within reach of GANIL
experiments.

Candidates for neutron radioactivity were proposed long ago as long lived
isomers with very high spin, among neutron-rich nuclei of the fp shell[ 65 ].
The neutron radioactivity process depends drastically upon the difference
between the energy locations of such a high-spin configuration and the neutron
emission threshold. Thus precise predictions art particulary difficult. Yet
such situations are probably bound to occur. This makes the search for neutron
radioactivity legitimate, even if difficult, especially since, some of the
candidates identified, such as ©7Fe, can be obtained at GANIL. It should be

remembered that proton radioactivity was first observed from an isomeric state

(65, 67 1.

2.2. Binding energies

The knowledge of the binding energy of a nucleus provides a stringent
test of nuclear forces, especially in the case of exotic nuclei which have an
unusual unbalance of protons and neutrons. Indeed predictions widely differ
between themselves far from stability and, even with limited accuracy,
experimental results are quite discriminatory and enlightening. The variation
of the binding energy along a series of isotopes also reveals fundamental
nuclear properties such as shell closure effects or onsets of deformation
[ e T

Thus the fact that new isotopes are produced at GANIL with large yields
opens the possibility of a broad investigation of binding energies of light
nuclei far from stability. The absolute measurement of the nuclear mass must

be accomplished with an uncertainty much smaller than 1 MeV to provide useful
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information. For a nucleus of interest, all the collected events must then be
free of spurious background counts, and the relative FNHM. of the two
parameters necessary to identify the isotope must be at most a few 10°* . The
accuracy on the peak centroid, a portion of the FWHM which decreases with
jncreasing statistics, can then reach the required level of a few 10”°
A very powerful method to reach that goal has been developped at GANIL.
The nature and energy of a fragment produced are extracted from two parameters
* known with a remarkably high accuracy. Its magnetic rigidity is measured by
- the SPEG spectrometer with a FWHM of 10~« . Its time of flight is determined
along a flight path some 100 meters long, since the target is exceptionally
located near the exit of the second and last dector-separated cyclotron of
GAKIL, while the fragment is detected in the focal plane of SPEG. New mass
values with accuracy better than 500 keV (fig. 42) have already been
reported (70 ] for 29=2W, 2%, 2725726 £ and new data are being analyzed. They
are expected to give improved results, with uncertainties around 200 keV, for
some 12 new isotopes. They will bring new information on the behaviour of
neutron-rich nuclei near N = 20, where the very strong deformation observed at
Z = 11 (as mentionned in § IV.1) seems to quickly disappear for dincreasing
values of Z[72].
There lies clearly a concrete possibility of obtaining systematically the
binding energy surface of light nuclei, which should stimulate theoretical

efforts in this field.

V FINAL REMARKS
.- The study of nucleus-nucleus collisions at intermediate energy has been
+SSRES:. yigorously undertaker—smimrrrthevintuitive assumption that, whea-the relative

. velocity crosses the Fermi velocity of nucleons, the nuclear system would

undergo 2 change from meanfield behaviour to one governed by the existence of

. vidual nucleons. And physicists have learned by experience, aver and over,




So far the experimental results have brought a general description of the
observed phenomena. This lecture has attempted to describe most of the open
questions, but not all. Among the missing one, the mechanism by which
sub~threshold pions or hard protons are emitted is of great potential
interest, since it probes possible cooperative processes, or the onset of the
propagation of the collision in the nuclear medium.

- Wether the great potential richness of all these studies rapidly gives
ripe fruits is still an open question. Dne can imagine a rather pessimistic
script for the forthcoming years of intermediate energy heavy-ion physics.
Experiments would go more and more exclusive, and at the same rate the
understanding of the phenomena would go more and more complex, technical, a
hopeless average of laow - and high - energy behaviours with no new vista an
the properties of the excited nuclear system. One would be left with better
tools for treating the difficult problem of many interacting fermions, and a
crop of new beautiful results such as those presented in section IV for new
nuclear species,but no new real insight into the properties of nuclear matter.
A more optimistic future would lead us, after the necessary phase of
accumulation of experimental facts and development of appropriate tools of
analysis, to a broader and more general theory of the structure and dynamics
of that specific object - A fermions in strong interaction - that nuclear

physics examines.
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FIGURE 1
Oisplacement of the 2 Fermi spheres for different relative velocities of
the two colliding nuclei (from ref.[1])

FIGURE 2

Curves of iso-cross sections in a plot displaying the recoil velocity
versus the mass of the target fragment [4]. Drastic change is observed
for the system Ar + Sn from 27 MeV/u to 44 MeV/u. Ven is the velocity of
an hypothetical compound nucleus formed in complete fusion, is the
observed average velocity of the evaporation residues.

FIGURE 3

Comparison of silicon production from 5.5 MeV/u Ar + Au, 44 MeV/u Ar +
Ni and Au and 213 MeV/u Ar + C. Lines are drawn to guide the eye. The
arrows, labelled 1, 2, 3 indicate the N/Z ratio for the projectile, the
{Ar } N;; and (Ar + Au) composite systems, respectively, {Taken from
ref. [l

FIGURE 4
Invariant cross sections measured at 3° as a function of the ejectile
velocity. The solid lines are calculated according to the fragmentation

model. (from ref. 7 J}.

FIGURE 5

Ratio of the fragment to projectile velocities versus the mass of the

fragment in the ‘%r + %%2n reacticn measured at 8lab = 3°. The solid

and dotted curves correspond to the two types cf velocity described in
the text (from ref. [8]).

FIGURE 6

Mass correlation between the masses of the projectile-like and
target-like fragments. The so]1d 1ine shows the predictions of the
abrasion mode! {from ref.{I11]).

FIGURE 7
(a) Energy-and-angle integrated mass distribution of the projectile-like
fragments in the reaction “%r + *’A1. The lines through the data points
are drawn to guide the eye. The dashed line is the mass distribution
predicted by a clean-cut abrasion calculation. The solid curve
represents the fragment excitation energy (right scale) predicted by the
calculation of ref.[l16 L

{b) Ratios of the mass yields between the “%r +natri and “0Ar - 274}
reactions. The solid curve is the prediction of the clean-cut abrasion
calculation. {from ref. {16 ]

FIGURE 8
Experimental and calculated (see text) longitudinal momentum widths as a

function of the fragment mass. (from ref. [ 1
FIGURE 9
Contour plots of invariant cross-sections for different ejectiles as a

function of parallel and transverse velocities. The values of d3g/dv?
are expressed in units of (3G mb/MeV sr)*(MeV/c). (from ref.{7]).

FIGURE 10
Evolution with energy of the experimental reduced width e,

a) 27 MeV/u Ar + “In, ref.(B)
b) 213 MeV/u Ar + '3C, ref.(6).
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FIGURE 1

Transverse momentum dispersions ggof the projectile-like fragments as a
function of their mass in the *°Ar + 27A1 reaction. The values of a;
were deduced from a fit to the fragment angular distributions., The
curves are model predictions using different values of o p, the
transverse momentum dispersion due to the deflection of the projectile
in the Coulomb and nuclear fields of the target (from ref.[16]).

FIGURE 12
The influence of the target neutron-excess is emphasized through the
evolution of the measured N/Z ratio with the ejectile atomic number

(ref.(10}).
: FIGURE 13
. Calculated final isotopic distributions for the reaction 44 A.MeV
ot “9Ar + Ta {solid lines). Comparison is made with results of ref,[5]

{open circles) and those of ref.[15] (solid circles) (from ref.{12]).

FIGURE 14 .

Average kinetic energy per nucleon of the projectile-1ike fragments as a
function of their mass in the reactions {a) “%r + 27A}

and {b) *%Ar +Natfi, Different isotopes are connected by a line. The
curves labelled 1 and 3 are respectively the kinetic energy per nucleon
and the excitation energy (right scale) of the primary fragments
predicted by an abrasion model calculation taking into account kinematic
effects. Corrections for light-particle evaporation yield curves 2 which
are directly comparable to the experimental data (from ref.[16]).

FIGURE 15
Z - and A - distributions of projectile-like fragments from the reaction
“%Ar + 27A] at 2.5° integrated over all energies (ref.[17}).

FIGURE 16

Energy spectra for few nucleon transfer reactions on the $8Ni target
nucleus. The arrows correspond to the optimum Q value prediction for
each channel. The curves are theoretical DWBA predictions
{ref.(18]}.

FIGURE 17
Energy distributions of the projectile-like fragments detected at 5° in
various coincidence configurations (from ref.[19]).

FIGURE 18

Probability of charge transfer in Ar + Ag and Ar + Au reactions {defined
) as the probability to find no charged particle in the forward wall in

coincidence with a projectile-like fragment of charge Zgp {from

ref.[19])
FIGWRE 19 ... il e )
R Energy corrdTation for a projedti Ta: 1 k& TFaIIN S Eharge ‘15 etected -~ ~ -5+

at 4% and a coincident alpha particle detected forward (LCP stands for
light coincident particle].

Two series of lines have been drawn :

. one corrasponds to equal energie E*q of the alpha particle in the
primary projectile-like fragment system

. the second one to equal energies Et of the primary projectile-Tike
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FIGURE 20
Schematic representation of the two momentum distributions of the bound
state (b + c), ¥ and (A + ¢), ¢z separated by the total momentum change
1Qf={kfc/B+kic/a} (from ref.[211]).

FIGURE 21
Forbidden and allowed one-nucleon transfer in high-energy collisions

(from ref. [22 ]).

FIGURE 22 \
Energy spectrum of %N fragments from the *%0 + 2°%Pb collision. (from

ref.[22]).

FIGURE 23

These inelastic scattering energy spectra provide evidence for the
effectiveness of 44 MeV per nucleon “°Ar projectiles to excite the giant
quadrupole resonance of the target nuclei (from ref.[24]).

FIGURE 24
Inelastic scattering spectrum of the '2C + 2°%b reaction at 200 MeV per

nucleon (from ref.[26]).

FIGURE 25
Inelastic spectra of “%r + °%2r at 44 MeV per nucleon, around the

grazing angle (from ref. (24}

FIGURE 26 '
An inelastic energy spectrum from “%r +%°Zn in the region of high
excitation and its double Fourier transform (see text). (from ref{24!

FIGURE 27
Comparison of double Fourier transforms of inelastic spectra takan over

two different angular ranges. {from ref.[24]}

FIGURE 28
Folding angle, efold, between the two fission fragments in the case of

complete and incomplete linear momentum transfer. V g 1s the velocity of
the compound nucleus, VR that of the quasi cumposits system (from ref.

[297).

FIGURE 29

In-plane angular correlations of fission fragments for the system “%Ar +
232Fh at 31,35,39 and 44 MeV/u. Curves are drawn to guide the eye. The
vertical lines at each energy correspond to 8ff = 170° and 110° (about
0.8 and 7 GeV/c respectively) ; the arrows indicate the location of the
full momentum transfers (from ref.[30]}.

FIGURE 30

Smoothed and normalized recoil energy plots for Z = 19, 17, 15 and 13
fragments produced in the collision of “°Ar projectiles on 27Al target
nuclei. Spectra 1, 2, 3 and 4 correspond to laboratory energies of 27,

32, 36 and 40 MeV/uma,. nespeswhe-abscissa-is fiven HoupteTan-

relative to the incident beam energy {from ref.[31]).

FIGURE 31 .
Plot of y2 values as a function of energy for different values of the

charge of the residue detected (see text)). (from ref.[31]),
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FIGURE 32

Evolution with time of three parameters in a head-on collision of Ar
(27 MeV/uma) and U , as described by Landau-Vlasov calculations[ 37].
a) anisotropy of the momentum distribution of nucleons

b) excitation energy in the target nucleus

c) temperature of the target nucleus

(from ref. 38 )

FIGURE 33

Ar {27 Mev/uma) + U : Comparison of experimental energy spectra of
particles with simulations of evaporation from fully accelerated fission
fragments (- - --), from the composite nucleus (<. +:) and the sum of
these two contributions ( ). .The angles of the particle to the beam
axis {8) and to the spin of the emitting nucleus (¢} are indicated.
Two different types of coincidence were required to trigger these
events : either the observation of two fission fragments at 55° on each
side of tiie beam axis (upper part) or one fission fragment only at 55°
(Tower part). {(from ref. (38 ]}.

FIGURE 34

Decay analysis for a ®Li cluster decay from the system Ar + Au at 60
MeV/u. The abscissa is the relative kinetic energy of the outgoing
deuteron and alpha particle. The ordinate is the corresponding yield,
The two bumps correspond to two excited states of the Li cluster..
(from ref.[42]).

FIGURE 35

Correlation functions for coincident alpha particles (a) and coincident

protons and Li nuclei (b) measured for “%Ar induced reactions on '°’Ay

at E/A = 60 MeV. The dashed lines indicate the extremes within which the
background correlation functions were assumed to lie.(from ref.[45]).

FIGURE 36

Yield ratios N, /N, corresponding to the decays of 5Li and ®Be nuclei.
The solid curvBs Show the calculated ratios as a function of the
emission temperature. The range of experimental Ni/Ny values {which
depend upon the background assumptions) can be translated into a range
of temperature values (from ref.[45])

FIGURE 37

The folding angle distribution of the fission fragments is given with,
on top, the correlated average neutron multiplicities after efficiency
corrections (from ref.[46])

FIGURE 38
The d-a correlation functions are plotted versus the relative momentum
q of the two particles. A coincidence is measured with the multiplicity

“M of the light particles.detected -between .3%-:@W823@9 in a plastic wall

(It is known that M decreases when the impact parameter increases).
Three cases are considered :

a) without any selection in the plastic wall

b) for zero multiplicity (M = 0),

c) for M =10

A comparison is made with thegretical calculations for ro = 4,6 and 3
fm.(from ref. (48]} )
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FIGURE 39

Isotopic distributions of various elements observed simultanecusly in
the focal plane of the LISE spectrometer (see text) from the
fragmentation of 3®Ni projectiles. Note the very low background. The
arrows indicate isotopes previously unknown. {from ref.[61])

FIGURE 40

As compared to figure 39, the use of an energy degrader between the
dipoles of LISE drastically reduces the number of nuclides collected.
The two-dimensional display of the energy-loss versus the time-of-flight
of the observed fragments from a %Ar beam gives evidence for *%Si, the
first Tz = - 3 isotope ever observed. (from ref.[60])

FIGURE 41

Schematic variation with N, the neutron number, of the radioactive half
lives of isotopes of given Z. So-called stable nuclei {region d) have T}
values of the order of magnitude of the proton half life, for which only
2 lower 1imit is known. Furthermore the half lives of nuclei much
heavier than 5%fFe are also limited by the fact that fission-like
disintegration processes are open, even if it is with exceedingly Tong
half lives. [f the nucleus is bound for hadron emission but can 8-decay,
T i ranges from 1 ms up, the shortest half life yet observed being 1.5
ms for 3%Na., This corresponds to regions c and e, and these isotopes are
usually said to "exist" or “to be bound”, It is in these regions that a
growing number of R-delayed emission processes have been observed. At
Tast, if the nucleus is unbound for neutron emission, T } falls brutaly
down to some 10=2! sec, A staggering odd-even effect can occur at the
border of the neutron drip line. On the proton-rich side, the fall from
about 10 s to 10-%!s is not as drastic due to the Coulomb barrier which
inhibits the emission of lTow-energy protons. Thus, for available proton
energies smaller than about 1 MeV (region b) proton radiocactivity can
take place and was actually observed.That is also where two-protons
radioactivity is expected. The 1imit between this region b and region a
were unbound protons leave the nucleus before it is actually observed
obviously depends upon detection technigues. Hence the limit between
proton-active and proton-unbound nuclei cannot be but somewhat
arbitrary. [t should be emphasized that, for most Z values, except the
very lowest ones, only a small fraction of this curve is known.

FIGURE 42
An analysis of the deviation of the absolute masses of known nuclei as

measured at GANIL where m refers to the measured value and m to the
compilation by Wapstra and Audi[71]. The dispersion of the vatues around
zero has a FWHM of 4 X 107% (from ref.[70)).
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