
CtWf: cj0Df2D'!'—

SOME THOUGHTS ON OPPORTUNITIES WITH REACTIONS
USING RADIOACTIVE BEAMS

JOHN P. SCHIFFER
Argonne National Laboratory, Argonne, Illinois 60489-4848

and CONF-9004209—7
The University of Chicago, Chicago, Illinois 60637

DE90 017805

1. Introduction

I was asked to talk about the use of radioactive beams for nuclear
reactions. My overall perspective is that the scientific justification for such
studies must be done carefully. To go to the added complexity of
radioactive beams one must clearly demonstrate the need for obtaining
information about nuclear structure or processes, information that is not
otherwise available.

On the other hand, much of what we know about nuclear structure
comes from nuclear reactions with stable nuclear beams and targets. While
a certain amount of information about far from stability nuclei may be
obtained from the study of their radioactive decays, this is limited. Our
knowledge and understanding of nuclear structure comes from stable nuclei:
energy levels, their spins and parities, and very importantly the matrix
elements characterizing them (e.g. the single-particle strength, various kinds
of collectivity, pairing, etc.). These are largely determined by reaction
studies with normal stable nuclei. The extension of such studies to
unstable nuclei, far from stability, may well hold qualitative surprises, or at
the very least give a firmer basis to our understanding of nuclear structure.

Perhaps it is a matter of taste, but if one wishes to start on this
endeavor then it is best to begin with simple, easily accessible features.
The "simplest" nuclei are the ones that form doubly-closed shells and the
easiest features to explore initially are the single-particle states and the
collective excitations that one can build on these.

I would like to emphasize that a unique facility for this type of study
is about to come into operation in Darmstadt where the ESR storage ring
will capture radioactive beams from fragmentation products and cool them
to useful energies for reaction studies. Circulating beams of many unstable
nuclei are expected in the 10*" to lO^^/sec regime.1) With an internal gas
target, integrated luminosities should be achievable that are within a few
orders of magnitude of those used in typical stable-beam experiments.
With detectors of large solid angle very useful rates are likely to be within
reach in the near future.
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2. Nuclear Structure Studies Near Closed-Shell Nuclei

A specific case of such studies is represented by an experiment we
hope to do at the ESR: A proposal for studying simple collective modes
and single-particle states based on magic nuclei such as *>®Ni and 132gn 2)
With beams of such nuclei, one can pass them through a thin gas
deuterium target in which reactions may take place — for the 132gn(<i?p}
reaction for instance, one would be able to detect protons in an array of
solid state detectors and establish the single-neutron states based on a
doubly magic core. Data on (d,t) reactions may be accumulated
simultaneously yielding data on neutron-hole states. Proton states may
require a He target but otherwise the technique is the same. The ideal
energy for such reactions is around 10 MeV/u, where these transfer
reactions are well calibrated and where momentum matching is relatively
good. Prototype measurements on such inverse reactions with stable Xe
beams shown in Figure 1 have been carried out at GSI during the past
year in order to demonstrate their feasibility.')

Inelastic scattering may also be carried out, and here substantially
higher energies may be used (e.g. several 100 MeV/u on a ^He or *H
target) since small momentum transfer is achievable even at high energies.4)

Once the single-particle states are observed, the next step is to study
the adjacent nuclei for particle-particle and particle-hole energies. The data
base on such states is very limited, since there are precious few stable
doubly-closed-shel! nuclei, but the data indicate that the similarity in such
states between different parts of the periodic table is very striking.5) A
subset of these data are shown in Figure 2. It would be very interesting
to add data from the vicinity of the hitherto inaccessible closed shells.
Such studies should also become feasible in time, though they would have
to follow the observation of single-particle states, and be somewhat more
difficult.

3. Reactions 'with Exotic Beams

There are some exotic phenomena, such as those associated with very
loosely bound nuclei such as ^ L i where the loose binding results in the
tail of the neutron wave function extending out to exceptionally large radii.
It is likely that there are other nuclei, near the neutron drip line, that
show such a wispy neutron halo. The ones where a neutron pair's
separation energy is small are particularly interesting as has been
emphasized by Bertsch for instance. But the pairing correlation with the
other tightly bound pairs is not likely to be a significant feature.

As shown by the work of Tanihata and collaborators,6) l^Li and
are somewhat unique in their anomalously large interaction radii. They
also may have the feature of a split giant dipole resonance, that would



contribute to the large interaction cross section. However, here it is likely
to be important that in ^L i two of the 8 neutrons are loosely bound —
while in heavier nuclei the fraction of loosely bound neutrons will inevitably
be less, and such phenomena as the splitting of the giant resonance will be
less pronounced. I also want to point out that similar effects are NOT to
be anticipated for protons — since even very loosely bound protons have a
huge Coulomb barrier to penetrate, and therefore are not likely to show a
comparable "proton halo". After all, we have nuclei unstable against alpha
emission with no perceptible modification in their density distribution.

If one does a simple statistical estimate it seems likely that near the
neutron drip line there will be some nuclei where the last neutron or
neutron pair is bound by even less (perhaps 10 keV) than in ^ L i . It
would be fascinating to try for sub-sub-Coulomb transfer reactions at
energies even as low as half the Coulomb barrier, with nuclei that have
such a wispy halo, and even to look for fusion enhancement. But we
should remember that only the loosely bound neutron or neutron pair will
have a special role.

4. Some Studies of Reactions with Astrophysical Interest

A number of reaction cross sections for proton or alpha-particle capture
are of interest for stellar processes with nuclides that are unstable. Some
such studies have been proposed recently to be carried out with radioactive
beams at existing facilities without major investment of resources. An
example is the study of ths ^O(a,p)^F reaction, which has an important
role in the initiation of the rapid proton capture process. Since both l^O
and l^F are unstable, the reaction may only be studied if one can prepare
one or the other species in sufficient numbers. A recent proposal is to
produce a beam of 1'F, using I 'O as the primary beam on a hydrogen
target slightly above the l^O(p,n)^-^F threshold, where the l^F particles
would be emitted in a narrow forward cone. Since the energy of the l^F
is above the energy regime of interest for the astrophysical measurements,
the particles have to be decelerated. With the independent resonators of a
superconducting linac (ATLAS) this is readily achievable, and sufficient
intensities of ^F may be obtained to allow the experiment to proceed.7)
Some test measurements of deceleration have been carried out, and the
experiment awaits the construction of a suitable hydrogen target that could
be bombarded with several micro-amperes of oxygen beam.

5. Conclusions

There are interesting new aspects of nuclear properties that may
become available through the use of radioactive beams. But these
experiments are likely to be very expensive — not only in terms of money



but in terms of effort. Radioactive beams are not. an end to ihemselves.
The scientific justification is probably there, but it has to be thought
through carefully and preliminary experiments should be done whenever
possible.

At present there is a major facility at which radioactive beams will be
available: the ESR at Darmstadt, which is undergoing its initial tests now.
It behooves those of us who profess to be interested in the use of
radioactive beams for nuclear reaction or nuclear structure studies to go
beyond attending workshops and start to become involved in real
measurements in order to better appreciate the dimensions of opportunities,
technical problems and of the scientific payoff. Surely, if a major new
facility whose capabilities are to supplement those of the ESR is to be
justified, it will have to build on what will be learned in Darmstadt in the
near term future.
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Figure 1: Study of the feasibility of measuring a (d,p) reaction with a
heavy ion beam incident on a gas target from Kraus et al. ref. 3. This
measurement was carried out as a prototype for experiments with
radioactive nuclei in a storage ring. The tipper figure shows a spectrum
and the lower ones angular distributions for various peaks together with
calculated shapes.
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Figure 2: Matrix elements of the NN effective interactions, representing
the energies of states in the immediate vicinity of closed-shell nuclei from
throughout the periodic table from ref. 5. The angle dyi represents the
total angular momentum to which two nucleons are coupled. It would
be of considerable interest to extend this data base with information from
reactions with unstable nuclei in the vicinity of hitherto inaccessible
closed shells, such as 1 3 2Sn or 56Ni.


