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Abstract

The present status of radioactive beam developments at GANIL is discussed. The

emphasis is put on the construction of the new SPIRAL radioactive beam facility

which is presently underway and of the main trends in physics.

1 Introduction

Nuclear physics today has mainly to deal with the study of extreme states
of nuclear matter. It may be concerning temperature, pressure, rotation,
deformation or limits in atomic number. The isospin is clearly one of these
states. Moving along this degree of freedom will allow to explore the
landscape between the valley of stability and the limits of binding, the
neutron and proton drip lines.
Such studies are clearly connected with the understanding of the nuclear
force and the effective interactions. It should allow to investigate few-body
systems. More generaly, it should improve significantly our understanding of
nuclear matter which is mainly described by binding energies and nuclear
densities (see e.g. [1] and references therein). Physics with radioactive
beams clearly should open up new research frontiers in nuclear physics.
There has been a growing interest for this field during the last ten years and
a couple of facilities are presently operating or under construction or
planned in several countries (France, Belgium, Canada, Germany, Italy, Japan,
United States, Russia and CERN).
An overview of the different technical solutions as well as the scientific case
have been discussed in various places. The reader may refer to the NuPECC
report [2] and the ISL white paper[3].
Such reports pointed out not only that it would offer a renewal of nuclear
structure but also the pluridisciplinary character of these tools giving new



perspectives also for nuclear astrophysics, condensed matter physics and
biology.
A large effort has been put already several years ago at GANIL in
developping the production of radioactive beams in the intermediate energy
range (30 to 100 A.MeV). A new major improvement is presently underway
with the dedicated SPIRAL project [4] which should enlarge considerably the
possibilities at low energies around the coulomb barrier by the end of 1998.
This paper intends to present the current status at GANIL with respect to
the radioactive beams. We shall give information on the existing situation as
well as the SPIRAL facility under construction. Developments underway
concerning the production and ionization of radioactive products will be
described and a short summary of the highlights in physics will be given.

2 The current situation at GANIL
Beams ranging from Carbon to Uranium are available at GANIL in the energy
range 25-95 A.MeV (and it will be extended soon down to Lithium).
Radioactive beams are produced using the projectile fragmentation method.
This method has been shown to be very powerfull in this energy range :
almost 100 new isotopes have been produced at GANIL in the range Z=5-52
during the past ten years. Among them, one may stress the recent
synthesis of 100Sn [5, 6].
However, until recently, the intensity of these secondary beams was limited.
Therefore two major improvements were decided which should be both
operating by the end of 1996.

2.1 The SISSI apparatus

This apparatus, operating now since 18 months, was designed in order to
match the large opening of the emission cone of the fragmentation products
in this energy range to the acceptance of the beam lines. It consists of two
superconducting solenoid lenses of very short focal length. The first one is
used to sharply focuse the incoming beam on the fast rotating production
target. The second one increases the angular acceptance of the secondary
beam downstream the target (2x80 mrad). Such an increase is obtained
without a significant emittance growth due to abberation effects. The
solenoids have the following specifications: Bmax=11T, l m a x = 1 8 6 A . T=4.6°K.
The system allows then to deliver radioactive beams in all the experimental
area. An increase of about one order of magnitude in the beam intensities
has then been achieved.
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Fig. 1 Layout of the SPIRAL facility coupled with the
present GANDL accelerator complex

2.2 The high intensity upgrade (THI).

Another way to improve the intensity of these radioactive beams is to
increase the primary beam intensity. The THI (transport des hautes
intensites) upgrade will allow to increase the beam power from 400 W up to
6 kW [6]. In order to avoid space charge problems at the injection, a new
14.5 GHz ECR source has been installed upon a 100 KV high voltage
platform. Beam current as high as 2.1013 pps for ions up to Ar can be
obtained after acceleration by the first cyclotron SSC1. A new buncher has
been recently installed between the two SSC in order to reduce the phase
extension of the bunches and contribute to get the necessary 98%
transmission in the SSC2 cyclotron. Developments of new beam diagnostics
are necessary as well as safety procedures. Such high intensity beams
should be available at the full energy by the end of 1996.



3 The SPIRAL facility

The SPIRAL project (Syteme de Production d'lons Radioactifs et
d'Acceleration en Ligne) is described in details in ref. [4] and [7]. It consists
schematically of three steps. The intense GANIL beam is first impinging a
thick production target. The radioactive products are then diffused and
ionized. Finally, and after a mass separation, they are post accelerated in
the CIME cyclotron and injected in the existing experimental area (Fig.1).
The whole project is housed at the end of the GANIL machine hall. The civil
work is now completed and has necessited the creation of an underground
level.
This project has been accepted at the end of 1993 and is founded by the
DSM/CEA, the IN2P3/CNRS and the region of Basse-Normandie. The
construction has begun in 1995 and first radioactive beams are scheduled
for the end of 1998. Several laboratories are contributing to the project:
IPN Orsay, LPC Caen, LNS Saclay, CENBG Bordeaux, CEA/DAM Bruyeres le
Chatel, SUBATECH Nantes, CSNSM Orsay.

3.1 The CIME cyclotron

The ions produced using the ISOL method by coupling the production target
with a performing ECR source (in a first step "Nanogan II" with permanent
magnets) will be accelerated in a compact cyclotron (K=262). The main
characteristics of the cyclotron are summarized in Table. 1 and the
operating conditions including typical exemples are indicated in Fig. 2.

Table 1. Characteristics of the postaccelerating
cyclotron CIME of the SPIRAL facility.

Frequency range 9.6-14.5MHz
Harmonics 2-3-4-(5)

Maximum dee voltage lOOkV
Maximum average field 1.56T
Minimum average field 0.75T

Exit radius 1.5m
Maximum injection voltage 30kV
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Fig. 2 Energy range covered by the SPIRAL facility

The goal is to provide beams in the range 1.7-25 A.MeV. This will be
achieved using harmonics 2 to 4 above 2.7 A.MeV and with harmonics 5
below 2.7 A.MeV (with some modifications of the injection region). The
choice of a cyclotron ensures at rather low cost a very high transmission
yield, a wide mass range selection as well as a good Q/A selection close to
10"4.

3.2 Production and ionization of the radioactive species (SIRa).
The success of the project is strongly depending on the quality of the ISOL

system (production + ionization). Therefore, a vigorous R&D programme on

RIB production has been initiated (the SIRa collaboration). A very

performing line has been equipped allowing to test any kind of target- ion



source system
and is followed by an ion separator and a nuclear spectroscopy station for
the detection of the radioactive products. Very promising results have now
been obtained from a first series of experiments during which the main
operating parameters have been checked [8].
For a first step, it has been decided to take advantage of the large variety

of incident primary beams to produce various radioactive species by
projectile fragmentation using a "universal" target. A sophisticated carbon
target was designed. It has a conic shape in order to provide a more
homogoneous spreading of the power distribution in the Bragg peak region.
Experiments in collaboration with Louvain-La-Neuve using the intense 30 MeV
proton beam have allowed to qualify this target for a 6 KW beam.
The first series of tests was performed with an ECRIS Caprice-type ECR3.
The overall efficiency of the system was measured with a calibrated 18Ne
beam and found to be 3% for a 5+ charge state (this value could be
improved in the future by at most a factor 4 by increasing the diffusion and
effusion eficiency). Results have been obtained with different primary beams
and are displayed in Fig.3 (dashed curves). The same figure shows the
optimized beam intensities one could expect in the future with SPIRAL and a
6 KW primary beam (solid curves).
A source has been designed which shall be dedicated to the production of
these nobel gases. It is NANOGAN2, a small 14.5 GHz ECR source with
permanent magnets and the distance between the target and the plasma
chamber has been minimized.
New tests have been performed too with different sources in order to
produce condensable ions. In that case , one should avoid the use of a
transfer tube between the the target and ionizing volume. This implies the
target to be located inside the source near the plasma. A new source SHIPIE
was tested recently and the results are encouraging as such ions as
3 8 K 5 + , 8 + I 3 4 C | 7 + J 39ca5+, 2 5 N 3 4 + were produced, however with a low
efficiency [9].
Further R&D are also underway to check the use of light beams (2H, Li) and
heavy targets like Uranium in order to produce heavy radioactive species.
However, for obvious reasons, it appears necessary for the first running
period of SPIRAL to restrict the number of available radioactive beams. The
choice of nobel gases looks quite reasonable. For instance, it is already now
feasible to produce any kind of Ne isotopes in the mass range 17-28,
corresponding to an isospin range from -3/2 to +8/2. The same is true for
Ar isotopes in the mass range 32-46, that is from Tz=-4/2 to +12/2.
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4 The physics case.

In this short presentation of the situation with respect to radioactive beams
at GANIL, it is not posible to give an exhaustive and detailed description of
the physics involved with the SPIRAL project. This has been discussed
elsewhere [10-12]. The aim is just to stress the main directions which
provide strong physical justifications for building such an isospin dedicated
facility.

Exploring the landscape between the valley of stability and the limits of



binding will provide a number of new situations for the investigation of
nuclear structure and nuclear reactions and may considerably help to
understand how one generates the structures and binding energies of nuclei.
As far as nuclear physics is concerned, a couple of attractive features can
be stressed:

- It is well known that models and effective interactions are
reproducing quite satisfactorily our experimental knowledge of the nuclei
near the stability. Extension far away this region will put strong constraints
on these models.

- The study, near the neutron and proton drip lines, of halo related
phenomena, giving an access to new forms of nuclear matter.

- The access to regions of large deformations which is presently not
accessible with stable beams. This is for instance the case for the
production of nuclei with high spin configurations near the stability line.

- The study of magic numbers far from the stabilty line is also
interesting. We already know that the magicity disappears for N=20 in the
Na and Mg region. A careful study of the doubly magic 56|\jj and 132sn is of
strong interest.

- Nuclei beyond the drip line are worth beeing investigated, looking at
the properties of nuclear systems where all the states are unbound by
particle emission.

- Investigation of nuclear potentials, collective states, single particle
states, density distributions looking at elastic, inelastic and transfer
reactions in inverse kinematics.

- Investigate the nuclear properties at high angular momentum in
presently unaccessible regions. Use of isomeric beams. The physics of
nuclear traps (K and spin isomers). New regions of spin isomers are
expected to be located at the stability line in the A = 150 and 180 region.

- The investigation of the static as well as the dynamical isospin effects
on fusion reactions (and multinucleon transfer). Sub-barrier fusion is
expected to increase considerably when using very neutron rich projectiles
(effects of n-transfer and of the n-skin acting as a catalyst)

- This large enhancement of sub-barrier fusion may bring new
possibilities for the synthesis of very heavy nuclei and may help to get a
significant progress towards the production of super-heavy nuclei.

- The study of the effects of the isospin on the deexcitation modes at
very low excitation energies (see for example the bimodal fission of
258 F m ) .

- The investigation of the influence of the isospin on the critical
temperature for hot nuclei.



Despite the fact that the project is presently limited to incident
energies above E = 2 A.MeV, it remains also promising for astrophysics
studies. It deals mainly with a detailed understanding of the astrophysical
nuclear synthesis. Such studies may concern the production and study of
properties for exotic nuclei of strong interest for the knowledge of the rp
and r-processes. Special attention should be paid to a detailed study of the
waiting point nuclei.

In condensed matter physics, radioactive isotopes may also be used
as a probe at the atomic level, for element characterization, local probes or
radiotracers.
New radioisotopes may also be produced which are of interest for medical
research.

5 Concluding remarks

How does this project compare with the existing facilities or those
under construction? The facilities based on the projectile fragmentation and
delivering medium or high energy beams are not competing really with
SPIRAL as far as the physics case is concerned but are instead rather
complementary. Such facilities may be found at GSI, RIKEN, MSU and also
GANIL (with SISSI).

Besides SPIRAL, there are other ISOL type facilities around the world.
The first one, located at the CERN, is the genuine ISOLDE complex delivering
a large variety of beams at 60 keV which will be upgraded with a post
accelerator at very low energy. Another ISOL facility which is under
discussion is the PIAFE project at the Laue-Langevin Institute at Grenoble.
The only working radioactive beam facility is now at Louvain la Neuve and is
essentially devoted to astrophysics studies. Oak Ridge is presently building a
facility coupling the ORIC cyclotron and the 25MV tandem. It will essentially
deliver p-rich beams below 80 at energies close to the coulomb barrier and
should be ready by the end of 1996.
The characteristics of the SPIRAL beams make this project a quite unique
facility in this energy domain.The beam is expected to be available for the
first experiment in 1998. At that time, GANIL, thanks to SISSI and SPIRAL,
will be able to provide radioactive beams in a very wide energy range from 2
to almost 100 A.MeV (Fig.4).With such an "isospin facility", very challenging
experiments will be then possible in the near future.
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