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Abstract
High-intensity and high-quality unstable nuclear beams can be

realized by coupling an isotope separator on-line and a proper post
accelerator in various primary beams. Some technical features and
problems in the production of such beams are discussed. A brief
description is given on "Exotic Nuclei Arena" in Japanese Hadron Project.

1. INTRODUCTION

Recently there have been growing interests in nuclear-physics
experiments with unstable nuclear beams. In fact, in this meeting in
Kanazawa, many interesting experiments carried out with such beams
have been reported under a new major item entitled "Physics with
Radioactive Beams", which appeared for the first time in a history of
"International Conference on Nucleus- Nucleus Collisions". A reason for
this is clear. The use of radioactive beams can provide new means for
experiments and thus open up new important regions in researches.
This is the case not only for nuclear physics but also for various related
fields of science. I believe therefore that this trend is more and more
growing in near future.

Most of the experiments carried out with unstable nuclear beams up
to now are based on the so-called projectile-fragmentation method,
which is now available in some laboratories supplying heavy-ion beams
of medium-high energies. My talk, however, concerns another method
to realize radioactive beams. It is based on a isotope separator on-line
(ISOL) to select nuclear species of interest produced by a certain
primary beam, and a post accelerator for the acceleration of radioactive
nuclei injected from the ISOL. The first radioactive beam of this sort
was obtained last year at Louvain-la-Neuve, and some interesting
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experiments on nuclear astrophysics have already started there
successfully. In general, radioactive beams based on the ISOL method
have features quite different from and/or complementary to those in
the piojectile fragmentation. Moreover, high-intensity and high-quality
beams can easily be realized in the ISOL method as will be described
later. Therefore, the construction of such radioactive beam facilities are
presently being proposed or discussed in many laboratories in the
world.

2. PROJECTILE FRAGMENTATION AND ISOL BASED METHODS

As mentioned in sect. 1, there are two ways of producing radioactive
beams, projectile fragmentation (PF) and ISOL based method. A brief
comparison on the two methods is made in Table I. The PF method
utilizes a nice kinematical effect obtained in medium-high energy heavy

Table 1
Production of short-lived nuclear beam

Proj. Fragmentation ISOL based method

primary beam
- energy
- intensity
Production target
Secondary beam
- energy
- prod, method
- intensity

H.I.
- 0.1 - several GeV/u
- 0.01 - 1 pnA
Be, C, etc.

- medium-high
- easy
- medium

- beam quality - tolerable
for most expt.

- shortest halflives - 1 us
- n-rich beam - available
Facilities
- existing - LBL,GANIL,RIKEN,

MSU.GSI, (Dubna)
- proposed

p, a, n, etc.
- various
- 10 nA - 1 mA
various

- low
- development needed
- high (100-1000 times

more than PF)
- excellent

- 0.1 s
- available

- Leuvain-la-Neuve

TRIUMF, JHP, ORNL, LBL,
MMF, SARA, etc.



ion collisions, in which projectile-like fragments are principally emitted
in the beam direction with velocities nearly equal to the primary beam
velocity. Then, one is able to select those fragments of interest, with
high collection efficiency, by means of a proper fragment separator.
One of the nice features in this method is relative easiness, with which
the secondary beam can be obtained. Another good feature to be noted
is that short-lived nuclei down to 1 )is half-life are available in this
method. The resultant beam energy lies in the region of medium-high
energies, but one can sometimes study even low-energy reactions by
using the inverse kinematics, although one may suffer from large
energy spread of the secondary beam and needs often to solve it by
adopting rather complicated detector techniques.

On the other hand, in the ISOL method, one attempts to extract and
select unstable nuclei produced in a thick target by means of an ISOL
and to accelerate them with a post accelerator. A procedure to extract
and ionize those radioactivities stopped in the target with high
efficiency generally requires techniques, skills and therefore often
experiences. The resultant beam quality, however, is excellent. One can
expect a well defined beam energy, a small energy spread as well as an
excellent beam spot. The most important feature in this method is a
possibility to realize high-intensity secondary beams. This is mainly a
consequence of the fact that the high-intensity primary beam, which can
be protons, a particles or slow neutrons in this method, is easily
available. The secondary beam intensity obtained in the ISOL method is
often expected to be 100-1000 times stronger than in the PF method. A
possibility to use various primary accelerators depending on the
boundary conditions of your laboratory and on your experimental
requirements is another nice practical feature of this method.

One should emphasize the fact that the two methods mentioned above
are complementary to each other in the beam energy available,
although if desired, there is of course a possibility to decelerate or
accelerate the beam energy in the PF or ISOL method, at the cost of the
beam intensity at least to some extent.

3. IMPORTANT KEYS IN THE ISOL METHOD

To my knowledge, there are four important keys to open doors to
reach the ISOL based radioactive beam facility as listed in Fig. 1. They
are
(i) high ionization efficiency,
(ii) selection of desired nuclear species,
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Ion extractor
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Keys in BNB Facility (ISOL-Tu.net

1. High lonization Efficiency

2. Selection of Nuclear Species

3. H.I. Rccelerator (low energy)

4. Radiation Safety
Figure 1. Some key problems in the ISOL method.
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Figure 2. A release time measurement of 38K in a Ca.Cz target
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(iii) choice of post acelerators, and
(iv) radiation safety problems.

Concerning the first point, I am not going into the details of ion
sources here. Much about these have been described in ref. [1], Let us
consider an example how to extract radioactivities produced in a thick
target. Assume that a thick target consists of a large number of small
spherical grains, the size of which is typically 10 fim in diameter.
Radioactive nuclei produced in reactions start to move to a surface of
the grain by thermal diffusion and are finally released from the surface.
Because this process takes much time, one usually heats the target at
high temperature, say, at 1000-2000 K, to enhance rates of thermal
diffusion and surface desorption. The release rate is inversely
proportional to the square root of diffusion time defined in fig. 2 when
the surface desorption is neglected. An example of the release time
measurement done by the pulsed beam method in INS is shown in fig. 2.
Because in this case the release time was much shorter than the mean
life of radioactivities of interest, the extraction efficiency was almost
100%. If necessary, one can shorten the release time by raising the
temperature more, but it is generally difficult to realize idiff < 1 s.
Therefore, the practical lower limit of meanlives of radioactivities
available in this method is around 0.1 s.

According to the data taken by ISOLDE at CERN and in other places,
almost all elements produced in nuclear reactions in a thick target could
be ionized so far [1]. The ionizadon efficiency is high (i. e., 10-100%) for
some elements such as alkali elements, halogens, r&re earth elements,
rare gases and some other gaseous elements. However, this is the case
for singly charged ions. At present little is known about the ionization
efficiency for multiply charged ions. The ECR technique, which has
already been adopted to ionize radioactive atoms in TRIUMF and
Louvain-la-Neuve, is considered to be important in this respect.

The selection of desired nuclear species is usually done by means of
a mass separator based on the momentum analysis of unstable ions
extracted from the ion source and pre-accelerated, say, at several tens
of keV. The mass resolving power of the usual ISOL ranges from a
thousand to several tens of thousands, which is good enough to separate
isotopes but not for isobar-selection. In order to separate isobars in the
medium-mass region, one generally needs M/AM > 20,000. However,
the so-called chemical selectivity in various ion sources often helps to
separate isobars.

Table 2 compares some merits and demerits of cyclotron, tandem
V.d.G and linac when they are used for acceleration of unstable ions in



Table 2
Post accelerator for low-energy unstable heavy ions

accelerator merits demerits( difficulties) proposed by

Cyclotron "energy variable
"has mass resolv.

power

'if 1+ , inefficient;
"mult, charged ions

less probable

•Louvain (1+)
(in operation)

•LBL; MMF; SARA
(mult, charged)

Tandem V.d.G.
•energy

variable
well-defined

'small power
consump.

•negative ions

elements limited
or

less intensity

•ORNL

L1NAC 'high intensity
expected

'energy discontn.
-+~ single-gap cav.

'high power
consump.

• TR1UMF
'JHP(INS)
' ARENA3

(Louvain)
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the low-energy region. The facility in operation at Louvain-la-Neuve is
using a cyclotron as the post accelerator. There, 1 3N atomes produced in
the 13C(p,n) reaction are ionized in an ECR ion source, and the resultant
1 3N 1+ions are injected into the cyclotron with K=110. The maximum
beam energy available in this case is around 0.6 MeV/u,
which is suited for the study of nuclear astrophysical problems.
However, in general, when one uses 1+ ions, the acceleration of heavy
ions in a cyclotron is quite inefficient in the sense of beam energy
available. Of course, the situation is drastically improved for multiply-
charged ions. However, as mentioned earlier, there has been little
experience about the production of such ions using thick-target ISOL ion
sources. The use of the ECR ion source may be promising for gaseous
elements, especially for rare gases. Another nice feature of the
cyclotron is that the accelerator itself has a mass-resolving power, so
that there is no need, in some cases, to use an additional mass-separator
system.

A tandem V.d.G. is known to be efficient for accelerating heavy ions
in the low-energy region. However, the tandem rquires negative ions in
the first stage of acceleration. As you know, many elements can be
negatively ionized today in the case of stable isotopes. To my knowlede,
however, in the case of the ISOL ion sources using a thick target, only
some elements having large electron affinity like halogens could be
negatively ionized with high efficiency. In most cases, therefore, one
has to use a charge-exchange procedure to get negative ions. This will
often decrease the secondary beam intensity by one-order-of magnitude
or more.

The strongest beam intensity for secondary nuclides can be expected
in the case of a heavy-ion Iinac because it can accelerate both 1+ or 1"
ions. The addition of a single-cavity linac can make the resultant energy
variable. A demerit of the linac is that it is a rather costly machine.
This is especially the case when one wants to accelerate low-speed
singly-charged ions with small charge-to-mass ratios. In the case of
Japanese Hadron Project described later, this demerit has been
overcome by developping a special type RFQ linac.

The "radiation safety" is one of the most important problems to be
solved in the case of the high-intensity radioactive beam facility. I
should like to point out, however, that this is not because of the use of
the ISOL method, but because in the ISOL method one usually aims to
have high-intensity in the secondary beam, 100-1000 times more than
in the PF method. Any way, a propoer remote handling system
carefully designed should be used to replace or repair target- and ion
source-chambers as well as a frond end of the separator sysetem, in



whcih most radioactivities are localized. If one aims to have light
unstable nuclear beams, the use of light-element targets is desirable
because only a few long-lived radioactivies are then produced in
reactions..

4. EXOTIC NUCLEI ARENA IN JHP

Now let me introduce a little about a plan to make a radioactive
beam facility in Japanese Hadron Project (JHP). The JHP is based on a
medium-energy and high-intensity accelerator complex, consisting of a
1 GeV proton linac and a compressor/stretcher ring. Experimental
facilities utilizing various secondary beams provided from this
accelerator complex are called "arenas", which mean playgrounds of
scientists for fundamental research. The radioactive beam facility is
named "Exotic Nuclei Arena" or "E-arena" in its short form.

A part of the proton linac beam will be used to produce various
exotic nuclei mainly via a spallation process of a thick target. The
spailation reaction by energetic protons is known to produce a wide
range of nuclides in the N-Z plane. The primary beam intensity to be
used is planned, at present, to be 10 u.A. This limitation comes mainly
from the radiation safety problem. Therefore, we can increase the beam
intensity, say, up to 100 (xA when light-element targets are used. The
acceleration of unstable nuclei ionized and selected by means of an ISOL
are made in three stages by using different types of linacs, that is, split-
coaxial RFQ (SCRFQ), Interdigital-H and Alvarez. The maximum energy
in each stage is 0.17, 1.4 and 6.5 MeV/u, respectively. More details
about the E-arena have been described in ref. [2].

We have chosen the injection energy to the linac to be 1 keV/u, and
the maximum charge-to-mass ratio to be 1/60. As noted before, the
efficient acceleration of such low-velocity ions having such small q/m
ratios is not a easy task. Therefore, in INS, we have developped a
special type SCRFQ linac suitable for such heavy ions [3]. It is a RFQ
linac with four vanes, which is suited for acceleration of low-speed ions
due to their strong focusing properties. It has also multi-mode split-
coaxial cavities to gain high values of inductance as illustrated in fig. 3.
It has a mechanicaly stable structure because the cavities are supported
at more than two places. Arai et al. in INS [3] has already made a
prototype of this RFQ linac, which accelerates heavy ions having a q/m
value down to 1/30 from 1 keV/u to 45 keV/u. The first beam with
this linac was realized successfully in the beginning of this year.

Emphasis is also placed on realization of a mass separator with a
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Figure 3. Structure of a SCRFQ linac developped in INS.
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extremely high mass-resolving power up to M/DM = 20,000. In our
present design of the separator four electric dipoles together with
several electric multipoles are used to compensate possible energy
spread of ions extracted from the ion source. This is considered
important for the case when a high-power plasma ion source (for
instance, ECR) is used.

As mentioned already, the primary accelerator of the E-arena is
planned to be a 1 GeV proton linac, the construction of which will
however needs probably some years. In order to advance, before its
construction, various studies of the radioactive beam facility, we are
now planning to use a cyclotron with K=68 existing at INS as the
primary accelerator and to make the first stage of the linacs to
accelerate radioactive beams with energy up to 0.8 MeV/u (see fig.4).
Although the beam energy available from the above cyclotron is low
(e.g., 45 MeV protons), it is possible to produce unstable nuclei near the
stability line with large yields. Since it is those nuclei that are
considered to play important roles for the synthesis of heavy elements
in hot stars as well as in the early universe, some pioneering
experiments on nuclear astrophysical problems can be done with this
prototype facility. Some other experiments such as tilted-foil
spectroscopy and ion trap of unstable nuclei are also being planned.

At.this opportunity I would like to express my sincere thanks to all
members of the E-arena working group for their great efforts in the
preparatory studies of the E-arena.
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