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ABSTRACT

The present paper is a written version of a talk which was given by the author June
19 at Niigata (Japan) in order to "conclude" the international symposium on structure and
reactions of unstable nuclei. It is not intended to present an edited summary here. Instead,
a few selected and personal comments are made in order to highlight some aspects of this
scientific field, which seem, at present time, of importance to the author.

1. Introduction

I am much honored to have been asked by Prof. K. IKEDA, chairman of the
organizing committee, and Prof. Y. SUZUKI, scientific secretary, to conclude this
symposium. It has been very rewarding to assist to this conference and to learn of so much
research very recently accomplished, both experimental and theoretical studies. Certainly,
I am not alone to feel impressed by the rapid progress which is made by the laboratories in
so many different countries. Note, that already in the title of the symposium were stressed
the two aspects of the study of unstable nuclei : structures and reactions. Indeed, since
only a few years, the more traditional nuclear structure studies of unstable nuclei have
been complemented by the new possibility of inducing nuclear reactions by them.
Personnally, I think that these two aspects are intimely (inseparately?) interconnected and
that many of the work reported in this volume proves the point.

I shall not try to summarize all what has been shown during three days of intense
discussions. The reader is of course rather referred to all the preceeding pages of this
book. Consulting these I am convinced that the use of unstable (or "exotic" as they are
called in France) beams is becoming one of the mainstreams of nuclear research and I am
also quite confident that our colleagues from other fields of physics would subscribe to
that.



What I will do instead of summarizing will be limited to some selected remarks
which are organized in the following chapters. These five "conclusions" are thus strictly
personal and only reflect my "on-the-spot" feelings while assisting a most stimulating
meeting. The contributions in this volume by individual authors are referred to by the name
in square brackets [].

2. History of unstable beams

Although sharing the enthousiasm often expressed for the "new" physics of/with
unstable beams, I think it may be worthwhile to recall part of the historic context : the first
on-line separation of secondary beams in Denmark, at Copenhagen, has been reported
exactly 40 years ago by O. Kofoed-Hansen and K.O. Nielsen1) in a letter to the Physical
Review which is of remarkable shortness. They thus have been the forerunners of the
many ISOL facilities worldwide. Starting to operate in the sixties and seventies these have
accumulated at present an incredible wealth of information.

Best known and also most important is ISOLDE at CERN, Geneva. Up to
décembre 1990, ISOLDE was used in connection with the 600 MeV proton-
synchrocyclotron SC. This oldest accelerator of CERN is now closed and CERN has
decided to move ISOLDE to the PS booster. This move is a major enterprise and
underlines the european committment to this field of physics.

Another important milestone was the discovery of heavy-ion projectile
fragmentation for the production of very neutron-rich isotopes in the late 1970s by
Symons, Westfall and their co-workers2»3) at Berkeley. Their experimei..j were decisive
to stimulate two key events to the field in the 1980s :

1) Sugimoto, Tanihata and their collaborators were first to use the relativistic-energy
unstable beams obtained from the BEVALAC through projectile fragmentation to induce
nuclear reactions4).

2) The persistence of the characteristic features of high-energy fragmentation in the Fermi-
energy domain allowed, since 1984, the development of a broad experimental program at
the spectrometer LISE using the intense heavy-ion beams from GANIL5X In particular,
exotic beams were obtained at both drip-lines.

This, in rum, has influenced other large heavy-ion facilities to install similar
spectrometers. At this symposium, first beautiful results were reported from the A1200 at
MSU [Austin] and RIPS at RIKEN [Ishihara]. At higher energy, the FRS of GSI is now
also operational6^. To my opinion, the other key event of the 1980s consisted in the
synthesis of the heaviest elements by means of heavy-ion fusion reactions at GSI
Darmstadt7), JINR Dubna») and LBL Berkeley9).



As many colleagues, I am looking forward, of course, that these superb
experiments, elegantly interpreted by theory, might be pushed beyond their present limits
by using exotic beams. Several contributions at this meeting [Oganessian, Nomura,
Marinov, Fukuda] have addressed this promising domain.

3. Comments on the use of experimental facilities and associated detection
equipments

I observed an interesting common point in four contributions [Delbar, Hatori,
Kato, Kolata] : Even today, major scientific progress is not necessarily made at only the
big national facilities. Occasionnally, I should like to see this wisdom more readily
accepted by those who like to center a field of physics exclusively around a single facility,
although I am certainly also a partisan for the shut-down of obsolete equipment.

My second remark concerns detectors: the accelerator facilities we are using
presently (or which we will use in the future) are inseparately connected to the design of
most sophisticated detection equipment. Among other examples at this meeting I found
noteworth a multistrip detector [Sellin] and the use of storage rings [Fujita] or Penning
traps [Mittig] for mass measurements. A formidable instrument is the giant detector CLAS
which will be the main device for CEBAF [Gai].

The third comment is related to the use of the most appropriate probes for nuclear
structure studies far off stability. Indeed, beams of unstable nuclei, although a unique tool,
are not the exclusive tool. Maximum benefit should be taken from all the "artillery"
available to us. The spectroscopy of extremely exotic He nuclei by heavy-ion transfer
reactions [Bohlen] or the use of electrons in order to excite the GDR in 11Be [Yamaya] are
particularly nice examples. Furthermore, pion double charge exchange has now even been
applied for the study of] ' Li in a remarkable experiment [Kobayashi].

4. Neutron-halo nuclei

The state-of-art of the experiments studying the "classical" neutron-halo nucleus
11Li are reported in detail in this volume [Riisager, Kobayashi, Tanihata]. The evidence for
the concept of Hansen's and Jonson's neutron halo10) is convincing from all experiments.
To my opinion, however, a "next-generation" experiment is now urgently awaited:
The study of the complete cinematics of the break-up of 11 Li into 9Li + n + n would
remove some ambiguity in the momentum distributions and thus allow a deeper insight in
the phenomenum.

As experimentalist I can only marvel at the theoretical efforts related to the
description of the halo nuclei. The discussion by so many experts has been a highlight of



this symposium. Certainly, these proceedings contain the most comprehensive collection
of information the reader can find at present time on this subject. It is surprising to see so
much "heavy artillery" fired by the theoreticians in such a short span of time.

I have been impressed by learning of the application of "full (and
phenomenological) three-body calculations" [Kamimura, Zhukov], "molecular dynamics"
[Horiuchi] and the "variational shell model" [Otsuka]. The key-rôle of correlations has
been shown [Esbensen, Lenske]. Large efforts are made for the descriptions of reaction
cross sections [Suzuki, Shimoura, Soutome] where an astonishing precision for the high-
energy regime, at a level of 1%, is observed. The relation between halo-nuclei and 6>8He
[Oglobin], the specific influence of the halo structure to elastic scattering [Yabana,
Hirabayashi, Bertulani] and to sub-barrier fusion [Sagawa] are other important subjects of
discussion.

In this general context I would like to stress that 11Li should not be considered as a
unique case. As originally pointed out by Hansen an Jonson10) there is a strong correlation
between the weak binding energy of the last nucléons and the spatial extension of their
wave function. Thus the halo structure is a common feature for all nuclei which have
extremely weakly bound neutrons.

Experiments may be extended to the drip-line quite systematically for several light
nuclei. The real quality of a theoretical approach may then be verified by its ability to
deliver a consistent description of more-than-one nucleus. I would further like to note that
a precise knowledge («=10 KeV) of the masses of these light nuclei is really needed.
Indeed, classical nuclear matter mass extrapolations have to break down just because of the
halo's spatial extension. Promising methods of suitable direct mass measurements are
presently under development [Mittig, Fujita], and substantial progress will be reported
hopefully already in the near future.

5. "Global aspects" of nuclear structure of exotic nuclei

In contrast to the neutron drip-line, which is only reached for the lightest nuclei, the
most proton-rich nuclei are more readily accessible for high Z as demonstrated by recent
experiments [Austin, Sellin]. Their binding might be understood by taking into account the
Thomas-Ehrmann shift [Barker] in a global mass-description.

Present global models have the ambition to describe reliably the properties of in
principle all unstable nuclei. Either macroscopic approaches using a refined gross-theory
[Uno] or microscopic, relying on the quasi-particle random phase approximation [Muto]
are used. Despite some shortcomings, the global character is very useful for an application
in astrophysical network calculations. Indeed, it has become very clear, that the
astrophysical synthesis of the heavier elements in the cosmos is governed by the nuclear



structure properties of the exotic species involved in the reaction path11). Recent work at
LISE 1^12) shows the connection between abundance anomalies found in the cosmos for
Ca isotopes (and also other correlated chains) and the properties of exotic nuclei of S and
Cl around the semi-magic N=28.

The vanishing of magicity for isotopes far from stability was interpreted at this
symposium for N=20 by the shell model [Fukunishi] and one might hope for an
extrapolation to N=28 soon to come.

Very useful experimental contributions to the shell model come from the
determination of the nuclear magnetic moments which are quasi-unknown for exotic nuclei
below, say A=60. A breakthrough is a development at RIKEN, first applied to 14B and

The process of projectile fragmentation itself is used to produce a polarization of the
nuclear spin which allows in turn a g-factor measurement by a nuclear magnetic resonance
technique [Asahi).

Another most natural application of projectile fragmentation is the use of
the"nuclear physics Primakoff effect" [Baur]:
Astrophysical relevant reactions of unstable nuclei can be studied by the Coulomb break-up
of the projectile.

This method is a precious complement to the direct reaction studies [Delbar]. At
present almost all crucial reaction rates of unstable nuclei are unknown [Kajino]. Certainly
these studies using both direct and inverse reactions with exotic beams will be a prime
domain of nuclear astrophysics for the years to come.

6. Some considerations related to exotic-beam facilities

In this last section I would like to address the question which kind of facilities are
needed. From all what can be learned from this volume, it seems clear that there is no
priviledged energy domain.

Indeed, one might state that the proposed new ideas (as well as already realized
experiments!) require high-quality exotic beams (optical properties, isotopic purity,
intensity) ranging from "0" keV/u to, say, IGeVAi.

Concerning high-energy beams, worldwide a good coverage is now achieved due
to the different heavy-ion fragmentation facilities (see also section 2.).

One should note, however, that the quality of projectile-like fragment beams is
subject to strong limitations, in particular when aiming at high transmission (i.e. large



angular and momentum acceptance). At very high energies, the situation is not too critical,
but it is not possible to attain energies below, say 25 MeV/u, by energy-degrading
through passage of matter and simutaneously maintain reasonable optical properties.

The very elegant technique of associating cooling and decelerating is limited in
transmission, and, in particular for the most interesting drip-line nuclei, by prohibitive
cooling times with respect to nuclear life-times.

Luckily, it is nowadays technically possible to reaccelerate exotic beams from
1 SOL-separators to energies high enough to fill the gap. We all admire the pioneering
development made at Louvain-la-Neuve where several light unstable beams of about 0.5 to
2 MeV/u are already available and first astrophysical studies made [Delbar].

A facility reaching comfortably the Coulomb barrier over a broad mass range is
however crucially missing. I am waiting impatiently that projects like the one in Japan
[Nomura] get realized.

Planning such a
facility, one generally
considers protons a s
production projectiles, but
also other, such as neutrons
[Nifenecker] may be used.

Figure 1 examines the
potential of heavy ions13); The
reaction cross-sections are
substantially higher than for
protons at similar total energy.
Heavy ions exhibit much less
serious radiation safe ty
problems because of their
lower energy per nucléon and
the use of much thinner
production targets. In addition,
they should also be much less
affected by the huge release-
time losses of short-lived
nuclei in thick targets.
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Fig 1: Isotopic distributions of Rb produced in different
reactions (from ref. 13).
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Fig.2: Possible implantation of an ISOL based post-accelerator at
GANIL. The heavy-ion beam is used for irradiating a

, _ . . . _ production target connected to an ECR source. High charge-

f PpL-UdL-_rK 1 state unstable beams are accelerated by linear structures and
_ „ 11 ^ ^ I injected into the present experimental areas.



Historically, however, the weak heel of medium-to-high energy heavy-ion
accelerators has been the ion-beam intensity. The continuing effort to increase the
transmission of the GANIL cyclotrons makes it now possible to envisage the installation of
an ISOL-based post-accelerator. Presently, we are in particular examining the close
connection of the production target to an ECR-source. This would allow an efficient
transmission and ionization into high charge-state, notwithstanding problems which may
arise from the strong thermal load of an intense beam.

Figure 2 shows the possible implantation of such a post-accelerator in the present
GANIL environment: The unstable beams, accelerated by two consecutive LINACs would
be reinjected into the central beam line distributing the stable beams to the different
experimental vaults. The attractivity of this lay-out consists in the re-use, at no extra
investment, of all presently available spectrometers and multidetectors for the study of
structure and reaction of unstable nuclei.
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