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Abst rac t
The Exotic Nuclei Arena planned in Japanese Hadron Project

aims to accelerate various unstable nuclei produced in 1-GeV
proton-induced reactions up to 6.5 MeV/u by means of heavy-ion
linacs. The present status of research and development for the E-
arena is briefly reported. The construction of the prototype
facility to accelerate unstable beams up to 0.8 MeV/u is planned
in 1992-94, in which the existing cyclotron in INS is used as the
primary accelerator.

1. Introduction

Successful experiments carried out with radioactive nuclear
beams reported in recent international conferences[l-5] have
proven that a capability of utilizing energetic unstable nuclei as
secondary beams to induce nuclear reactions can provide a new
powerful means to explore yet unknown regions of nuclear
physics and related fields of science. Stimulated by this fact,
interests in the use of unstable nuclear beams are now growing in
the world. I believe that with a new tool in our hand, we are
being faced with a new era in heavy-ion science.

There are two ways of producing unstable nuclear beams. One
is to utilize the so-called projectile fragmentaion phenomenon in
medium-high energy heavy-ion collisions, in which projectile-like
fragments emitted from a production target are separated and
collected as secondary beams by means of a proper ion-optical
system. The relevant facilities are presently available in some
laboratories supplying heavy-ion beams in the 0.1 to a few GeV
energy region. Most of the experiments reported so far are based
on this method. Another method is to use an isotope separator
on-line (ISOL) coupled with a post accelerator, in which unstable
nuclei formed in a production target with primary beam are
selected by the ISOL and accelerated by the post accelerator. The
first successful experiment essentially based on this method has
been done at Louvain-Ia-Neuve[4-6J. There, two cyclotrons were
used as primary and post accelerators, while the latter also played

- I -



a role of an ISOL. The two methods are complementary to each
other in the energy region available, because the projectile-
fragmentation method is suited to making medium-high energy
secondary beams, while the ISOL-based method yields low-energy
beams.

Generally speaking, the ISOL-based method is more suitable for
realizing high-intensity secondary beams with well-defined energy.
A possibility of utilizing various primary accelerators depending on
experimental requirements and boundary conditions of the existing
laboratories is another nice feature of this method. Therefore,
there are, today, a number of future plans or discussions in the
world to construct radioactive nuclear beam facilities based on the
ISOL method. The reviews of the recent proposals have been given
in ref. [7]. The Exotic Nuclei Arena (E-arena) is one of such
proposals planned in Japanese Hadron Project (JHP) [8].

A brief report on the E-arena will be given in this paper. Since it
has also been described elsewhere[7,9], I will try to put emphasis
here on the present status of research and development in progress
for the E-arena.

2. Outline of E-arena

The JHP is based on an medium-energy and high-intensity
accelerator complex, consisting of a 1-GeV proton linac and a
compressor/stretcher ring as shown in fig. 1. Intense 1-GeV
protons having various time structures supplied from this
accelerator complex will be provided to experimental facilities,
where various unstable particles such as high-energy mesons,
muons, pulsed slow neutrons and neutrionos become available. A
part of the 1-GeV p-linac beam will be directly supplied to the E-
arena for production of exotic nuclei mainly via spallation
processes of a target nucleus. The E-arena aims to accelerate
exotic nuclei up to 6.5 MeV/u by means of an ISOL for selection of
desired nuclear species and a series of heavy-ion (HI) linacs for
post acceleration as schematically shown in fig. 2.

The spallation reaction by energetic protons is known to yield
a wide range of nuclides in the N-Z plane as reported in ref. [10].
To show this, let us consider unstable nuclei produced with 10-p.b
cross sections; according to the empirical formulae[ll], such nuclei
correspond to those that are several nucleons away from the
stability line in the case of the light-mass region, while they are
10-15 nucleons far from the stability in the medium-mass region.
This is the case both for proton- and neutron-rich nuclear species.
If we bombard a target of 1024 atoms/cm2 thickness with a 10-nA
primary beam, then we obtain 107 aps as secondary beams for



those nuclei when the overall efficiency including ionization and
acceleration is 2 %. The 1-GeV protons are also capable of
inducing high-energy fission and multi-fragmentation reactions,
whcih are also often useful to produce exotic nuclei of interest.

To be realistic, we generally plan to use a 10-jiA primary beam
intensity in the early stage of the E-arena. This possible restriction
comes only from technical problems on radiation safety, beam
heating of a thick target, etc., for which we have no experience so
far. Therefore, we have a possiblity, if needed, to increase the
primary beam intensity more when these problems are well
overcome. In fact, the design of building, shielding, beam dump,
etc. has been made on the basis of possible use of a 100-jiA
primary beam, because those things are difficult to be changed
later once they are constructed.

A role of the ISOL is to ionize such exotic atoms produced in a
thick target, to select desired nuclear species by their momentum
analysis, and to transport them to the HI linac. The acceleration of
unstable nuclei will be made in three stages using different types
of linacs (split-coaxial RFQ (SCRFQ), Interdigital-H and Alvarez),
the maximum energy in each stage being 0.17, 1.4 and 6.5 MeV/u,
respectively. The injection energy and the minimum charge-to-
mass ratio have been chosen to be 1 keV/u and 1/60,
respectively. Therefore, if we use 1+ or 1* ions, the acceleration is
possible for nuclei with A<60. To realize the efficient acceleration
of such low-velocity ions having small q/m ratios, we have
developed a special type of SCRFQ linac in INS as will be described
later.

Fig. 3 shows a layout of the facility. A production target and
the first part of the ISOL are located underground, 14 m deep
below the ground level, because the proton linac is planned to be
located at the same level. The radioactive ions extracted from the
ISOL ion source are deflected upwards by two 45 degs. dipole
magnets, where the rough selection of nuclides of interest is made,
and are guided to a high mass-resolution separator system located
at the surface level.

3. Research and development

3.1. Heavy-ion linac

The acceleration of radioactive ions in the low-energy region
can usually be done with a HI linac, cyclotron, or tandem Van de
Graaff, of which the merits and demerits have been discussed in
refs. [7,12]. We have decided to use HI linacs in the E-arena
because they require neither multiply-charged ions as is the case



for the cyclotron nor negative ions as is necessary for the tandem,
and thus the high secondary-beam intensity can be achieved more
easily.

However, as mentioned in section 2, the efficient acceleration of
low-speed ions with small q/m ratios is not an easy task in the
case of the linac. A usual four-vane RFQ linac generally suited to
acceleration of such heavy ions would become very large in size as
illustrated in fig. 4, To overcome this difficulty, Arai et al.[13]
have developed a split-coaxial RFQ linac at INS. It has multi-mode
split coaxial cavities to gain high values of inductance, and the
acceleration is done with a four-vane RFQ coupled with the above
cavities. The structure of cavities is mechanically stable because
they are supported at more than two places. We have already
made a prototype of this SCRFQ linac, which is able to accelerate
heavy ions from 1 keV/u to 45 keV/u. The minimum q/m ratio
available in this prototype linac is 1/30. The size of this SCRFQ
linac is about 40 % in diameter of the normal four-vane RFQ as
shown in fig. 4. The first beam was achieved in the beginning of
this year.

3.2. Mass separator

The present design of a mass separator section has been
presented in this conference by Sunaoshi et al. [14]. A main part
of the separator consists of magnetic and electrostatic stages. The
former is composed of four identical dipole magnets, each of
which has a bending angle of 60 degrees and a curvature radius of
2.5 m. It has a mass resolving power of over 20,000 for ions
having an initial phase space of 16 mm-mrad. In most cases, the
resolving power of M/AM>20,000 can separate isobars in the mass
region of present interest, i.e., A<60. The latter is composed of
four identical eletrostatic deflectors having 90 degrees bending
angle with p=1.8 m, and aims to compensate energy spread of ions
that may be quite large when we use high-power ion sources such
as an ECR. According to the Monte-Carlo simulations done by
Sunaoshi et al. [14], the system can well compensate an energy
spread of ions up to a few eV. Even for ions having a 10-eV
spread, the mass resolving power achieved at the focal plane of
the electrostatic stage is more than 15,000.

3.3. Ion sources

In the E-arena we plan to use a thick target of around 1
mol/cm2 thickness. What is the most important in the ISOL ion
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sources is to realize high efficiency. In most practical cases, ?n
ionization efficiency higher than 1 % is required to realize
sufficiently high intensity for the secondary beams. Another
important thing related to the ion sources is to find proper target
material which has a property to release produced radioactivities
from a target surface in a short time, because exotic nuclei are
essentially short-lived. For instance, most nuclei which I referred
to in section 2 have half-lives ranging from 1 to 0.1 s; then the
release time should be shorter than, say, 10 seconds to obtain high
ionization efficiencies for those nuclei. Note that the release rate
is approximately given by (mean-life/release time)1/2. An
assemblage of small-sized grains of target material heated at high
temperature is often used as a thick target to shorten the
diffusion and surface-desorpticn time which usually define the
release time. However, the release time greatly depends on
elements of target and radioactivities as well as on the size,
temperature, chemical and physical properties, etc. of the target
material. Therefore, one often needs much experience to realize
proper combinations of ion sources and target material.

The ISOL ion sources suitable for the use of a thick target have
been developed at ISOLDE in CERN [15] since many years ago and
recently also at TISOL in TRIUMF [16]. Taking those developments
and experiences into account, we have decided to study three
types of the ISOL ion sources as R&D; surface ionization, FEBIAD
and ECR types. We have already made a surface-ionization source
and started to apply it to various target materials mainly made of
light elements. The use of light-element targets is desirable
because far less lcng-lived radioactivities are produced in the
targets. An efficiency as high as 20 % has been achieved with this
source for some alkali elements, while the release time down to a
few seconds was observed for potassium with a CaC2 target [17].

The ECR and FEBIAD sources are also being made in 1991-92.

4. Prototype facility of E-arena

As I mentioned already, the primary accelerator of the E-arena
is planned to be a 1-GeV p-Iinac, which is also a part of the future
project. According to the present situation surrounding the JHP,
we probably need to wait for considerable time until it is realized.
On the other hand, I believe that the preparatory works for the E-
arena so far done have reached a level that we are now able to
start construction of the facility. Moreover, demands for
experiments with unstable nuclear beams is more and more
growing. In order to meet such needs of experimentalists as soon
as possible and to advance further technical studies of the E-



arena, we are now planning to utilize a cyclotron existing at INS as
the primary accelerator and to make the first stage of the heavy-
ion linacs. We call it a prototype facility of the E-arena.

A schematic view of the prototype facility is shown in fig. 5.
The production of unstable nuclei is made by primary beam from
a cyclotron with K=68, which can supply, for example, protons up
to 45 MeV, a particles up to 68 MeV, aud various relatively light
heavy-ions with energies up to around 15 MeV/u. The
radioactive ions thus produced are mass-separated with an ISOL
consisting of only a magnetic stage, that is, a dipoie magnet having
60 degrees bending angles together with two magnetic
quadrupole lenses. Its resolving power calculated for ions having
an initial phase space of 16 mm»mrad and no energy spread is
around 9,000. The ions will be accelerated by SCRFQ and IH linacs
up to 0.7 MeV/u. In addition to this, we plan to construct a
single-gap cavity Iinac to enable the energy variation of beam.
The final maximum energy is 0.8 MeV/u. The injection energy has
been chosen to be the same as in the E-arena, that is, 1 keV/u.
For economical reasons, however, we have chosen the minimum
q/m ratio to be 1/30.

Although the beam energy available from the existing
cyclotron is low, it is still possible to produc; unstable nuclei near
the stability line with considerably large yields. In fact, when a
proper target is chosen, the production rate by 10-uA, 40-MeV
protons can amount to 1011"12 aps for nuclei which are only one
or two nucleons far from the stability line. If we assume that 1-10
% of the produced nuclei can be accelerated, then the secondary
beam intensity can reach 109"10 aps for those nuclei; note that
they are generally the most important unstable beam for the
experimental study of nuclear astrophysics concerning heavy-
element syntheses in the universe.

The construction of this prototype facility will be done in 1992-
94.
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Figure Captions

Fig. 1 A schematic view of the JHP.

Fig. 2 An illustrative scheme of the E-arena.

Fig. 3 (Upper) A layout of the E-arena. (Lower) A part of the ISOL
building located underground. There are two positions to
place production targets and ion sources (IS-1 and IS-2).

Fig. 4 An illustrative comparison of the size in the INS type SCRFQ
(left-hand side) and normal four-vane type RFQ linacs
(right-hand side).

Fig. 5 A schematic layout of the prototype facility.
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