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HICOFED OUTLOOK

M. LEFORT

Institut de Physique Nucléaire, BP 1, F-91406 Orsay. France

- Since the subject of HICOFED is rather new, it would be certainly a mistake to draw
any kind of conclusion from this 1ively meeting. Neither could we make a summary.
Although I am not sure to well understand what it means, let us call "outlook" the
few considerations which follow.

I should JTike to tell you about some aspects which appeared to me quite typical and
rather exciting for the future. Probably these remarks will not be accepted by every-
body, but this is at lTeast the privilege of the last talk of the Conference, and pro-
bably the last talk in my scientific life, to be able to assert various considera-
tions without being contradicted.

I. GENERAL REMARKS

The main topics of the Conference were selected one year ago and it seems to me that
the choice was not so bad. Therefore, it may be worthwhile to follow it. Before, let
us consider some general aspects. When the first experiments .in the Fermi energy do-
main started with the CERN 85 MeV.A Carbon beam, we had nearly no idea about what we
should Took for, It was a Tittle 1ike the sa1lors who were landing 500 years ago on
the shore of the new world and who were looking at the country with their european
eyes and habits. So, we had to use rather simple concepts and methods that we borrowed
from- other domains of nuclear reaction studies, i.e. from the heavy ion collisions
either at lower energies or at very high energies. Then, it was not surprising that
the German group and the Scandinavian~Grenoble group were inspired by the abrasion
model taken from the high energy side whereas we were, at Orsay, more interested in
the linear momentum transfer and its connection with fusion process. Nowadays, it is
really striking to observe that there are enough experimental data and theoretical
approaches so that specific attempts can be devoted to the intermediate energy do-
main, The second remark is that, after a period of three or four years during which
inclusive measurements were carried on, equipments and ideas are ready for developing
coincidence experiments and multiplicity measurements.

Comparing with the evolution of the studies in the low’energy region during the se-
venties it is interesting to notice how the situation is different. The Tow energy
-experiments started nearly without any theoretical model and the first results on
what was called later on Deep Inelastic Collisions were totally.unexpected, since on-
1y two classes of collisions were considered, compound nucleus formation and quasi-
elastic transfer reactions. We were indeed de11ghted when my old fr1ead Dieter Gross,
around 1970, produced a model which was able to describe our results¢ by introducing
friction forces along the deflection function of the collision. At that time, it was
hard to follow a leading thread and to find a frame in order to make prospects for
new experiments,

Nowadays, in the Fermi Energy Domain, the situation is very different, as it appears
particularly well in this Conference. The abundance of theoretical approaches is real-
1y impressive, and the difficulty is perhaps to decide which.of them is the most

useful for designing more specific experiments. It is one of the thoughtsof Einstein

Ehat theorﬁ should be elaborated in the purpose of designing which observable should
e searche
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My last remark concerns the so called "exclusive" experiments. Nearly every talk was
ended by the call for exclusive experiments. I am not sure that we are always prepa-
red for them. Strictly speaking, do we know clearly what should be triggered and what
should be excluded ? There are a few cases where coincidence experiments have been
carried on with success, because they were very specifically prepared by precise hy-
pothesis made in the frame of inclusive results. Typically, it is the case of fast
light particles emitted in coincidence with recoiling quasi-compound nuclei. Those
particles travel with the beam velocity and their observation brings an evidence that
the incomplete linear momentum transfer and incomplete fusion can be treated 1ike an
energy deposit from a partial mass of the projectile {see S. Leray's contribution).
Another example is the study3s% of 1ight charged particles emitted isotropically in
the center of mass of the recoiling heavy nucleus source. It shows that a very exci-
ted heavy system evaporates protons, alpha particlies, deuterons and probably neutrons
prior to fission,even when the excitation enerday per nucleon reaches more than 3MeV/n,

I am sure that the fragment multiplicity will be measured soon in various conditions,
i.e., in peripheral and in central collisions, with the lowest possible energy thres-
hold. Pretiminary results were already given. My personal regret is that the delay

is now so long between data acquisitions and the final result, at least for people
1ike .me who are eager to really understand what happens to these nuclei heated at

1 GeV !

Let us now review briefly the varjous topics.

1I. NUCLEUS-NUCLEUS POTENTIAL - ELASTIC SCATTERING - TOTAL REACTION CROSS SECTION

The heavy ion optical potential model is always the starting point for describing the
scattering and the reactions. The extension of the Briickner method to heavy ions like
it was described by A. Faessler seems to me quite an important progress. It is indeed
also interesting to see how the sudden and the adiabatic optical potentials are near-
1y identical, both for the real part and the imaginary part, at the surface of the
nucleus. Therefore, it justifies to treat the first step of the collision in terms

of the sudden approximation (see fig. 6 in A, Faessler's contribution).

The knowledge of total reaction cross sections with a great accuracy is indeed quite
important, particularly in the Fermi Energy Domain where.the nucleon mean free path
in varying strongly, where the N-P, N-N and P-P cross sections are decreasing. Also
we would 1ike to know more about the neutren skin especially for light nuclei. The
experimental methods, as they were described by Bruandet have been improved and it
will be quite interesting to apply them for oR measurements on reactions like

12¢ + 16¢, 12¢ + 11¢, where the neutron skin changes so much, when secundary “exotic”
beams are available. We shall come back to this point later.

III. DISCRETE STATE EXCITATION - QUASI-ELASTIC REACTIONS - GIANT RESONANCES

The big spectrometer SPEG is now operating at GANIL. It is too early to know about
its ysefulness. It is certainly the best tool for studying quasi-elastic transfer
reactions which still occur at 50 MeV,A, but with very Tow cross sections and in an
angular range in the vicinity of zero degree. The transfer of one proton from 208pb
to 209Bi induced by 160 at 50 MeV.A was observed with the effect of matching by popu-
lation inversion. It is too early to say if the very high selectivity will be of such
interest that it compensates the Tow cross section. Spin flip studies are also a ra-
ther new aspect of the high velocity of the projectile.

Moreover, let us insist a Tittle more on the beautiful experimental confirmation of
the structures in the inelastic scattering spectra which were observed at GANIL with
the Argon beam as well as at SARA and Vicksi with the Neon beam. Ph. Chomaz has shown
us on #0ca, 907y, 120Sp and 208pb, together with a highly excited giantquadrupole
resonance,. structures ranging up to 60 MeV excitation energy for the 40Ar inelastic
scattering at 44 MeV.A (see the figure presented in his talk). The attribution to a
strong multiphonon excitation seems a very convincing explanation. We understand now
much better how this process can contribute to a fast energy dissipation at the
early stage of the nucleus-nucleus collision. Also, one should consider how multi-
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phonon excitation is compatible with the Pauli principle . in the frame of the sudden
approximation. At lower energies, such a dissipation is followed by the deep inelas-
tic process. For higher velocities, such an energy dissipation may be at the origine
of the observed slowing down effects on projectile 1like fragments which have to be
taken in account in peripheral collisions below 100 MeV_ A,

1V. PERIPHERAL COLLISIONS - PROJECTILE-LIKE FRAGMENTS - EMISSION OF NUCLEONS

Projectile-like fragments emitted with a velocity not very far from the initial pro-
jectile velocity have been studied for quite a few years. But also lighter fragme-
nts are emitted in a wide spectrum of quite Tower energies. Moreover, there are trag-
ments issued from a source travelling at a velocity close to half the beam velocity.
That work started naturaily with high energy considerations in mind, and the elegant
Goldnaber5 prescription was followed since it was so successful at high energies. It
is of course always possibie to extract a width from a bell shape spectrum, even if
the distribution js not symmetric. Therefore, o values were extracted, and compared
with og, the Fermi momentum width, according the popular expression :

A (A _-Ac) <p2>

where Ar and Ap are the masses of the observed fragment and of the projectile respec-
tively (see for example R. Dayras' contribution).

It is now rather cliear that such a procedure may lead to wrong conclusions when ap-
.plied to the Fermi Energy Domain. What we observe there is not the "fragmentation"
described at 1. GeV.A. First, there is a contribution of classical transfer reactions
which should be subtracted even for fragments with Z values equal to Zp~2. Second,as
was already mentioned,slowing down processes due to the/mean field are still occuring,
even if the clutching into a two center intermediatexis not produced. Third the sepa-
ration inte spectators and a participant which is the basis of the abrasion-fragmen-
tation model, is indeed too schematic. Particularly it is difficult to imagine a
clean-cut of the projectile spectator and a participant zone fiying away 1ike the
"fireball" and a target spectator.

A big effort has been made in several laboratories to build-up large multidetectors
and coincidence experiments have started for measuring both fragments and fast light
charged particles. At GANIL the huge chamber "Nautilus" has been used in that purpose
and we have heard the first resuits on the system 40Ar + Ag at 35 MeV.A. It is rather
surprising; for example, to see that 50 % of the fragments Z = 16 are emitted without
being escorted by a light fragment. But we don’t know if the primary fragment was

Z = 18 and because of its excitation energy evaporated an alpha particle {not observed
by the plastic wall of Nautilus), or if two protons or an 4He were directly transfer-
red to the target. So, we may repeat that, before making very exclusive experiments,
one should accumulate more information about multiplicities and various sets of
coincidence experiments.

Particle-particle correlations have been made. Their purpose is to try to detect a
hot zone from which the fast emission would originate.. There are many objections
against this interpretation and for the moment the situation is rather confused.
Amongst the coincidence experiments between the quasi-projectile and 1light charged
particles, it is worthwhile to notice an interesting attempt to observe the deflec-
tion of the particles by the nuclear mean field, using for that the amount of circu-
lar polarisation of y rays in coincidence. The result indicates that they are emitted
predominantly to negative angles, which is consistent with the deflection by an at-
tractive nuclear mean field. If the interaction was purely of the type nucleon-nucleon
collision, .the polarisation should be smaller. Perhaps we are here in presence of a
new method, typically adapted to the Fermi energy domain, which is able to estimate
the interplay between nuclear mean-field and nucleon-nucleon collisions (see commu-
nication 27 by M.B. Tsang).

In the frame of what was noticed in the introduction, specific theoretical models are
appearing and were presented at this Conference, which describe dissipative collisions
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in the intermediate energy range by treating both mean-field and nucleon-nucleon
interactions, There are several approaches, all refering more or less to the Boltzmann-
Ueh1ing-Uhlenbeck equation. In that respect, the movy picture presented by Grégoire
was really very suggestive. On the other hand such treatments Took a little 1ike

black magic boxes for experimentalists and it is sometimes nice to follow rather
simple® approaches like the production of fragments as a result of collisions of pro-
Jjectile nucleons with target nucleons (see B. Harvey). The neutron enrichment of the
fragments which is observed when the target is neutron rich would then be the result

of the known fact that n-p scattering cross section is about three timeslarger than

n-n or p-p cross sections, in the range of kinetic energy which i$ of interest for us.

A last trivial remark : we are still unable to answer precisely to the question :
What is the energy, or the velocity, where Deep inelastic collisions are not seen any
more ? This very simple question is related to the important problem to know when the
clutching becomes so difficult that it fails. It is also related to the possibility
of fusion for-a given partial wave. A very naive idea is to compare the average rela-
tive velocity of projectile nucleons, vy, with the Fermi velocity vr. The average
kinetic energy of incident nucleons is <Ex> = mo/2 (v, + 3/5 vF)2 and the clutching
becomes difficult if <Ex> 2 Ep + S, where S is the average separation energy of a
nucleon. This would correspond to v, around 0.2 c, i.e. around 20 MeV/n. Rudolf has
shown us the very typical deep ineilstic result in the reaction 92Mo + 92Mo at

18.2 MeV.A, with a huge energy dissipation, whereas for 86Kr + 98Mo and 86Kkr + 93Nb
at 35 MeV.A, other processes, quite new, are replacing D.I.C.

V. CENTRAL COLLISIONS - HIGHLY EXCITED NUCLEI - EQUATION OF STATE AND PHASE TRANSITION

It is not so clear to define a central collision when, for example one realises that
at 30 MeV.A, a Krypton projectile carries a linear momentum of 19 GeV/c, but also
can induce an angular momentum of 100 fi for an impact parameter as small as 1 Fermi.

In Central Collisions Studies there are three main aspects : linear momentum transfer
(LMT) related to the extent of fusion, highly excited nuclei, limit in temperature
or excitation energy for a nuclear system.

In order to know to which extent the fusion process between two nuclei is complete
or not,the estimate of the Tinear momentum transfer is an obvious method. The measu-
rements are made by determining velocities and possibly masses of recoiling nuclei.
The result that full momentum transfer could not be observedb any more with 12¢; at
30 MeV.A was the beginning of a series of studies. The data are often presented in
terms of B, which is the ratio of the average LMT to the initial linear momentum

(so called Viola systematics’). Sylvie Leray has shown us a simple relationship
between P and the relative velocity ({E-V.)/A)}1/2, There are theoretical treatments,
using Boltzmann equation which reproduce more or less this behaviour, assuming that
nucleon-nucleon interactions inhibit more and more the mean-field fusion process
when the velocity incréases.

But another presentation of the results works as well. It was suggested by Saint-
Laurent et al on the basis of a systematic study of helium induced reactions® and
then was generalized to heavy ions9. The essential remark.is that the limit increases
with the mass of-the projectile and finally corresponds to a value of the order of
180 MeV/c per nucleon. Such a remark directs towards other possibiiities for explai-
ning the result. For example one may notice that the corresponding velocity, 0.2 c,
approaches the estimate of the sound velocity in nuclear matter.

Fusion, Incomplete fusion, Energy deposit

The relation between linear momentum and energy deposition is straight forward if
the Tack of momentum is due to a lack of transferred mass, as this has been demons-
trated. Therefore nowadays, we know that excitation energies close to 1 GeV can
really be deposited in nuclear composite systems, as I made the hypothesis? already
at the German Physical Society in Bad Honeff (1981) after the CERN experiments.
The simple relation is the following :

pr = SB>2 T . Q

ZMTp> MMy
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where <p> is the mean transfer of linear momentum, Mé the mass incorporated into the
fusion to the target mass MT, assuming <p>/pj = <M‘>/Mp .-Jacob Bondorf told me that
we are discovering what Niels Bohr was telling in ?936, exactly 50 years ago, in one
of his three papers where the compound nucleus was invented : "It is conceivable that
a compound nucleus may sustain an excitation energy of the order of 1 GeV".

But a set of experiments have shown that the statistical treatment is not entirely
correct when it predicts for very heavy systems the predominance of fission over any
particle evaporation. We heard at this meeting that a more elaborated analysis ap~
plying the Fokker-Planck equation to the very short-lived composite system predicts
indeed to a large extent light charged particle and neutron emission prior to fission.
H. Delagrange has shown that when fission does occur, nuciei have lost indeed so many
neutrons that they are not so hot. Also, if the composite system has been so much
depleted in mass, the fission process may not occur at all, This was experimentally
shown in the case of Ar -+ 165Ho by Rivet et al. (communication 39).

A careful analysis of the kinetic energy spectra of light charged particles emitted
in backward angles (the evaporation origin should be checked) is probably the only
way to estimate the temperature of such excited nuclei. There are several cares that
should be taken. J. Alexander has explained how the angular momentum and the deforma-
tion could modify both the slope and the maximum of the spectra. Also nuclei are coo-
Ted down through a long cascade of particle evaporation and as Natowitz has pointed
out, the experimental result is an averaging of a Tong set of decreasing temperatures
from the very hot initial system down to a nearly cold nucleus. Fortunately,for very
heavy systems, a small number of light charged particles (alpha and protons) are
evaporated in the very first stage, followed by neutron emission and finally fission.
Therefore a natural selection is made of very hot species4. A last word about the
important improvement due to the measurements of neutron multiplicities which are now
possible with the help of the "old" neutron scintillator ball. It provides a very di-
rect tool to estimate the excitation energy and at the same time the reaction. cross
section (see Jahnke's contribution).

Now we are overcoming the limits of E* above which the known processes of de-excitatim
are not observed any more. I am more and more convinced of that experimental fact,
but we still don't know what is its signification. In that respect the recent syste-
matic study at various incident energies for the angular correlation of fission frag-
ments emitted in the reaction 58Ni + 232Th shows very typically what was already ob-
served for 40Ar + 238U, i.e. the decrease in height for the.bump of Targe momentum
transfer at 9.5 GeV/c (C. Volant, communication 40). The corresponding excitation
energy for the highest bombarding energy of 30 MeV.A, reaches 920 MeV, about the

same as for Ar + U at 35 MeV.A. This is just on the shore of the:1limit around

e* = EX/A = 3.5 MeV per nucleon. Then the figure which was givenl0 last year is still
valid., It has been confirmed by some new results which I have added.

L 20 A0 IS B B B Bum M Runs: NS BEn RS EENY Ban eSS
3
A i
2 S keews TP
£ Sn Rey
Ars A & ]
5 6 . !: M ": "y Ar s Ay Ar+ U
. B F14 ﬂ\\\\\\“\\:\ “n" VAN ‘ .
Witk -
fn W W 44 ,- o
. 0.8 0 . @\\\\\\\\\\\\\\\\\“\': oL “ yi *Th) .
] N
wac 27 AN a2
27 27 ¢
21 1s
CaUt60) Ty py ‘N
30
0 F SR N TN Y I NN Y TN N WY TN S OO T Y |
60 100 160 200 260
A composite

Fig. 1 - Excitation energy per nucleon deduced from various observations of linear
momentum transfer and corresponding residual nuclei or fission fragments. The' spots
cover complete and incomplete fusion with linear momentum transfer ranging from
<p>/p=1 down to <p>/p=0.6. Full spots are for the case where fusion occurs. Dashed
spots are for those where the cross section is less-than 200 mb. The zone where seems
to occur a critical Timit is shown.
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What happens ? What should we look for ? Here is a real challenge. A very attractive
possibility is the multifragmentation which was proposed by J. Bondorf in the frame
of thermal statistical theory, and by X. Campi using a percolation model. Both ap-
proaches lead to similar conclusions and are physically equivalent. Furthermore they
could concern central collisions as well as those collisions with larger impact para-
meters ‘for which one observes light fragments originating from a source at roughly
half the beam velocity (Borderie). There are also the interesting results given by
Rudol1f on two fragment .correlations for collisions between Krypton + Molybenum and
Xenon + Silver. But the real answer will be given by carefull multiplicity measure-
ments of light and medium mass fragments, and for the moment we have in hands only
the results of nuclear emulsions, which are indeed good 4w detectors. The experimen-
tal effort to bemade for electronic counters is huge and we have unfortunately to wait.

Now, of course, multifragmentation is not the only theoretical possibility which has
been proposed, and we heard how a hot nucleus could undergo vaporisation at a tempera-
ture higher than some 8 MeV, in the frame of a static + dynamic treatment of the nu-
clear interaction with the mean-field.

Finally, the proposal of'equation of state and phase transition in nuclear matter,
which was made several years ago, has lead to many theoretical discussions more than
to a real prediction for a crucial experiment.

VI. COOPERATIVE PROCESSES

Only a very few words on the subject. The introduction of highly energetic gamma rays
as a possible effect of cooperative processes in the nuclear collisions at energies
between 30 MeV.A and 100 MeV.A has been very fruitful. The idea of proton-neutron
bremsstrah]ung11 goes back to 1966, and the results shown by Pinston are guite con-
vincing. The review on pion production made by Knoll and Gross is in favor of a coo-
“perative model with composite particles as final states.

VII. PRODUCTION OF NUCLEI FAR OFF THE BETA STABILITY LINE

The last but not the least : 1 should confess that I was not very optimistic about

the interest of heavy ion projectiles as compared to energetic protons for the produc-
tion of new isotopes, particularly along the drip line. The reason was that I was
thinking only about the evaporation residues. As D. Guerreau has shown us, the peri-
pheral reactions are indeed a very efficient tool which sprinkles both sides of the
stability valley. The drip Tine has been reached for neutron rich nuclei up to Z = 20.
On the other side, interesting nuclei have been discovered 1ike 31Ar which is a good
candidatefor 2 proton radiocactivity. Moreover spectroscopic studies have been carried
on with very ingenious technics. :

My main remark on this subject is finally on the experimental aspect. Most of the
results indicated above were obtained because there was ready at GANIL since the
beginning an apparatus called Lise, particularly well adapted for the identification
of peripheral collision products. The construction of Lise was a difficult decision
and I am proud that it was taken in time.

I should 1like to finish this paragraph with a remark on the secondary beamswhich were
described by René Bimbot. -Again, Lise appears like a wonderful instrument, since it
is possible to select unstable reaction products, 1ike 17N, 16C or 385, to steer the
beam of these nuclei and to reach a high degree of purification with an intensity
which is already of interest, although we are only at the beginning of the technical
improvements. Therefore, we have the hope that quite exotic beams will be produced at
intensities of the order of 108 particles per second and I am sure that this will
open quite promising new set of experiments on reaction mechanisms as well as search
for more "exotic" isotopes, since we shall handle wide varieties of isotopes both in
the target and in the beam.
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Our HICOFED Conference comes to its end, three years only after the first beams
at Vicksi, GANIL, SARA and MSU. You will forgive me to show again a figure where the
main characteristics of our Energy Domain are indicated (Fig. 2).

E(Gev)

Fig. 2 - Energies in MeV.A, center of mass energies on 238y for various projectiles
Ap. Also indicated nucleon wave length, velocities in c units.

There were, along these five days, so many interesting results presented, and the
discussion was so active that we can already claim that the choice of theses acce-
lerators was indeed a good one. Also, both the theoretical ideas and the experimental
equipment, which has been built and which is in preparation, give us the greatest
‘hope for the future. I wish that the beautiful work which is going on will overcome
the pessimistic propency which floats over nuclear physics particularly in our coun-
try. My last wishes will be for our colleagues who are expecting the success of their
new accelerators in Catania, Chalk River, Texas, Tokyo and Lanchow. 1 hope that you
will come back to your laboratories with in mind this Epictete's thought : "Those
ﬁhinqs belong to you that you have stored in your memory and that you keep in your
eart".
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