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ABSTRACT 

After a brief discussion of the techniques for producing accelerated 
radioactive ion beams (RIBs), several recent scientific applications are 
mentioned. Three general nuclear structure topics, which can be addressed 
using RIBs, are discussed in some detail: possible modifications of the 
nuclear shell structure near the particle drip lines; various possibilities for 
decoupling the proton and neutron mass distributions for weakly bound 
nuclei; and tests of fundamental nuclear symmetries for self-conjugate and 
nearly self-conjugate nuclei. The use of RIBs to study r- and rp-process 
nucleosynthesis also is discussed. ' _. 

1. Introduction 

The use of accelerated radioactive ion beams (RIBs) for nuclear structure 
studies is not new. Many of the attendees of this conference have used 
"beams" of neutrons or tritons, which are radioactive. Beams of other long-
lived radioisotopes, e.g., 1 4 C, also have been utilized for several years. The 
possibility of using beams of an even wider variety of radioactive species was 
suggested as early as 1966 by Jakob Bondorf in the summary of the 1966 
Lysekill Symposium on Why and How Should We Investigate Nuclides Far Off 
the Stability Line1 when he alluded to "the rich field of information that would 
be opened by a possible future use of unstable targets and projectiles in 
nuclear reaction studies." Technical developments in the intervening years 
have made this suggested use of a broad range of accelerated "unstable 
projectiles" feasible. Indeed this opportunity, which promises a revitalization 
of the traditional center of nuclear physics, is generating a tremendous 
current interest. For example, the recent Long Range Plan for U.S. Nuclear 
Science has recommended both an immediate upgrade to the projectile 
fragmentation (PF) RIB capabilities of the National Superconducting 
Cyclotron Facility at Michigan State University and the construction of a new 
National Isotope Separation On Line (ISOL) Facility after the completion of 
the Relativistic Heavy Ion Collider (RHIC). Likewise, in our host country, 
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ISOL and PF EIB facilities are proposed by the China Institute of Atomic 
Energy in Beijing and the Institute of Modern Physics in Lanzhou for the next 
Science and Technology Five Year Plan which will be announced in early 1996. 

2. RIB Production 

The two techniques for producing accelerated beams of radioactive ions, PF 
and ISOL, are illustrated schematically in Figure 1. In PF, the kinematics of 
a high-energy heavy-ion reaction with a "light target" (usually Be or C) is 
utilized by employing a fragment separator at forward angles to select a 
specific reaction product. In contrast, the ISOL process utilizes "light-ion" 
induced reactions to produce "stopped" atoms with radioactive nuclei. After 
diffusion from the target, the radioactive atoms are ionized, mass selected, 
and accelerated in a second accelerator. These two techniques represent 
inverse physical processes. In ISOL, light ions are used to produce radioactive 
ions thus minimizing their momentum and allowing them to stop in the 
target. In contrast, PF utilizes the kinematics associated with high-energy, 
heavy-ion collisions to remove the radioactive ion from the target and to 
maximize the collection efficiency of the desired ion in the fragment separator 
(see Figure 1). 

PF is characterized by high energy RIBs, relatively poor energy resolution, 
emittance, and isobaric purity, and the possibility of producing RIBs of very 
short-lived isotopes, i.e, greater than about las. Operational PF facilities are 
located at the large heavy ion accelerators at Michigan State University 
(MSU) in East Lansing, the Grand Accelerateur National d'lons Lourds 
(GANIL) in Caen, the Institute of Physical and Chemical Research (RIKEN) 
near Tokyo, and the Gesellschaft fur Schwerionenforschung (GSI) in 
Darmstadt. Indeed, more than 50 percent of the beam time at these facilities 
currently is devoted to the study of RIB physics. Often the properties of exotic 
radioactive nuclei produced in the PF process are studied directly, e.g., the 
recent discoveries of 1 0 0 S n (refs.2-3) and elements Z = 110 & 111 (refs.4>5). In 
other cases the PF beams are used to study high-energy secondary reactions, 
e.g., measurements of the spatial correlations of halo neutrons 6 , or the 
Coulomb disassociation of nuclei associated with explosive hydrogen-burning 
nucleosynthesis.7 

In contrast, the possibility to choose the secondary accelerator for the ISOL 
facilities provides a means for selecting the beam energy and quality. 
Therefore, ISOL facilities are ideal for detailed nuclear structure and nuclear 
astrophysics applications that require rather low-energy beams with good 
energy resolution, isotopic purity, and emittance. The time elapsed between 
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Figure 1. Schematic illustrations of the Projectile Fragmentation (PF) and Isotope 
Separator On-Line (ISOL) techniques for producing accelerated beams of radioactive ions. 

the production of the radioactive atom and its ionization (i.e., the time 
associated with diffusion and desorption from the target material plus 
transfer to the ionizer) limits the lifetime of ISOL RIBs. This limiting 
lifetime is strongly dependent on the chemistry of the radioactive atoms, the 
choice of the target material, and the design of the target matrix and the 
assembly which transports the neutral atoms to the ionizer. Intense beams of 
nuclei with lifetimes <ls may be feasible for some optimal cases. 

An ISOL facility at the Centre de Recherches du Cyclotron of the Universite 
Catholique de Louvain in Louvain-la-Neuve has been operational for several 
years. This low-energy facility, constructed primarily for the measurement of 
cross sections of light nuclei applicable to astrophysics, has provided cross 
sect ion m e a s u r e m e n t s 8 ' 9 for reactions important to CNO cycle 
nucleosynthesis and for the breakout from this cycle. The construction of the 
Holifield Radioactive Ion Beam Facility (HRIBF) at Oak Ridge National 
Laboratory is nearing completion. This facility,™ which will accelerate RIBs 
with A < 90 above the Coulomb barrier for nuclear structure and astrophysics 
studies, plans to start its scientific program in mid 1996. Several other ISOL 
facilities with accelerated beams of radioactive ions are under construction: 



ISAC at TRIUMF, REX at ISOLDE/CERN, SPIRAL at GANIL, EXCYT at 
Laboratori Nazionale del Sud, Catania, and at the INS, Tokyo. PIAFE at ILL 
is an ISOL facility based on radioactive ions produced using the ILL reactor. 

3. REBs Today 

The availability of intense beams of accelerated radioactive ions is 
stimulating a variety of new multidisciplinary research initiatives. For 
example, it should be possible to address topics as varied as: 

• the delineation of the limits of nuclear stability; 
• the evolution of nuclear shell structure, of nuclear interactions, and of 

collective modes at the limits of nuclear stability; 
• the production of a variety of new heavy and superheavy nuclei; 
• studies of exotic transfers of nuclear matter; 
• studies of mechanisms of nucleosynthesis, of stellar explosions, and of 

galactic chemical evolution; 
• new tests of fundamental symmetries; and 
• tribological studies associated with deep implantation of radioactive 

nuclear species. 

As discussed in the preceding section, several RIB facilities are operational, 
and RIB physics is rapidly becoming an active frontier area of our field. In 
contrast to the few papers published in the proceedings of previous IUPAP 
triannual Nuclear Physics Conferences, 1 1 RIB physics can be considered a 
major topic at this conference. Besides the present general talk and a 
complete parallel session devoted to. RIB physics, the invited talks of 
Armbruster, 1 1 Casten, 1 2 Arnould, 1 3 and Hamilton 1 4 and the parallel sessions 
on Nuclei Far From Stability and Nuclear Astrophysics contain major 
discussions of this growing field. 

Topics of current interest being addressed by RIBs include: halo nuclei, 6 ' 1 6 

the synthesis of new elements 4 - 5 ' 1 2 (Z = 110 & 111) and new doubly-magic 
nuclei 2 - 3 ' 1 7 ( 1 0 0 Sn and 7 8 Ni), large-scale mass measurements of proton-rich 
nuclei, 1 8 and reaction cross sections of interest to astrophysics. 7- 9 ' 1 9 

4. RIBs and Nuclear Structure 

For nearly 30 years nuclear structure physicists have dreamt 1 of using 
beams of accelerated radioactive ions to extend their field to the limits of 
isospin. Since the nuclear plus Coulomb forces governing the structure of the 
nucleus prefer an excess of neutrons, the new neutron-rich nuclei which 



become accessible to study with RIBs have very large ratios of N to Z. In 
contrast, the new proton-rich nuclei are near the self-conjugate (N = Z or Tz 
= 0) nuclei. Thus, interesting (but different) physics can be addressed at the 
extremes of both high and low isospin. Three such nuclear structure topics are 
discussed in the remainder of this section: possible modifications of the 
nuclear shell structure near the particle drip lines; the possibility of 
decoupling the proton and neutron mass distributions for weakly bound nuclei 
near the drip lines, and tests of fundamental nuclear symmetries for self-
conjugate and nearly self-conjugate nuclei. 

4.1 Shell Structure Near the Particle Drip Lines 

Recent calculations 2 0 indicate that major modifications to the shell-model 
potential are necessary to describe the diffuse neutron densities associated 
with the weakly bound neutron-rich nuclei. For example, the £2 term in the 
shell-model potential, which for stable nuclei accounts for the modifications to 
the harmonic oscillator potential associated with the more realistic Woods-
Saxon shape, is predicted 2 0 to be very small for such weakly bound systems 
near the neutron drip line. This modification would produce a spectrum of 
single-particle neutron states (see the left-hand portion of Figure 2) that is 
distinctly different from that of the nuclear shell model which has been 
developed for nuclei nearer to stability (see the right-hand portion of this 
same figure). Besides producing different magic numbers, these dramatic 
changes of the underlying quantum shell structure would yield major 
modifications of most other nuclear structure concepts, such as collectivity 
(shapes and vibrations) and the properties of rapidly rotating nuclei. For 
example, near the neutron drip line the predicted Aj = 2 spacing of levels will 
enhance quadrupole collective effects, and the loss of the high-j "unique-parity 
intruder" orbital from one shell higher would both reduce octupole correlations 
and dramatically modify the high-spin properties. Indeed, it would be 
surprising if this simplistic modification of the nuclear potential is correct in 
detail; however, such calculations are indicative of the extent to which new 
and interesting nuclear structure effects which may occur for nuclei with very 
large neutron excesses. 

4.2 Decoupling of Proton and Neutron Matter Distributions 

A strongly-attractive neutron-proton monopole interaction favors identical 
radial distributions for protons and neutrons. However, under certain exotic 
conditions different distributions may occur (see Figure 3). For example, 
greatly extended neutron distributions (neutron halos) are well established 
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Figure 2. Comparison of calculated spectra of nuclear quantum states for a variety of 
approximations to the nuclear potential. The predicted spectrum of states for nuclei 
with very weakly bound neutrons 2^ (shown in the left-iand portion of this figure) is very 
different from that of the nuclear shell model (shown in the right-hand portion), which 
provides the basis for understanding nearly all existing nuclear structure information. 

(see e.g., refs. 6> 1 6) for near drip-line nuclei with weakly bound neutrons. 
Indeed, the radius of the dineutron halo associated with n L i , the classic 
example of a halo nucleus, is comparable to the radius of 2 0 8 P b ! Likewise, the 
highly correlated momentum distribution for the two neutrons 6 is indicative 
of their small spatial overlap. 

Even more exotic examples of decoupled proton and neutron distributions 
can be imagined. For example, when the number of neutrons greatly exceeds 
the number of protons and these two nuclear species prefer different shapes, 
might it be possible to have completely different proton and neutron 
distributions (as indicated in the middle portion of Figure 3)? Though 
experimental evidence for such a decoupling of neutrons and protons does not 
exist, such cases have been predicted in recent self-consistent mean-field 
calculations. 2 1 ' 2 2 Predictions 2 2 of the difference in the deformations of the 
proton and neutron distributions, A12>21 = I&2n1 - I &2P 1 > are shown in 
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Figure 3. Schematic representations of three possible situations in which the proton and 
neutron matter distributions may be different. 

Figure 4 for a variety of isotopes of Si, S, and Ar. Very large positive values of 
A | JB21 are predicted for the N = 12 Si and S isotopes where the neutrons 
prefers large, stable prolate deformations. For the N = 28 closed shell, where 
the neutrons prefer spherical shapes, sizable negative values of A | B21 are 
predicted. These negative values are attributed to the deformations of the 
proton distributions. Likewise, the decrease in the predicted negative 
magnitude of A | B21 with increasing proton number (from Si, Z = 14, to Ar, Z = 
18) must be associated with the expected decrease in the proton deformation 
as the Z = 20 closed shell is approached. Even more negative values of A | B21 
are predicted for larger neutron excesses, especially by the relativistic mean 
field (RMF) calculations. 

For "proton-rich nuclei" the Coulomb potential leads to quasibound protons 
with lifetimes as long as seconds even beyond the proton drip line. The 
Coulomb potential also inhibits proton halos, which should not occur except 
perhaps for the lightest nuclei. However, other equally interesting 
modifications of the proton and neutron matter distributions may occur. For 
example, in heavy proton-rich nuclei the proton density in the nuclear interior 
may be partially depleted due to Coulomb repulsion and an associated "in
filling" of neutrons. This "Coulomb redistribution," depicted in the lower 
portion of Figure 3, has been detected for electron-scattering on stable nuclei 2 3 



Figure 4. Predicted 2 2 difference between neutron and proton deformations, A | B21 s 

IB2111 - I ^2^ I, for a variety of even-even silicon, sulfur, and argon isotopes calculated in 
terms of Hartree-Fock (HF) theory with a SHE Skyrme interaction (left) and relativistic 
mean field (RMF) theory (right). Filled squares in the left panel correspond to stronger 
pair correlations, and the unfilled point for the argon isotopes indicate results obtained 
with a different force, SkM*. This figure was taken from ref. 2 2. 

and also appears in some Hartree-Fock calculations. 2 4 However, even more 
dramatic examples may be expected to occur for heavy proton-rich nuclei. 
Indeed, mass measurements may provide indirect evidence for such effects. 
The droplet model, which includes the effects of a proton-deficient core, 
provides a better description 2 5 of the mass of the heavy proton-rich nuclei, 
than does the liquid-drop model, in which such effects are not accounted for. 
The recent comprehensive mass measurement, which provides accurate 
masses for about 100 heavy proton-rich nuclei 1 8 and which connects another 
= 90 nuclei with masses measured by a decay to stable nuclei, should provide 
further tests of these ideas. 



4.3 Nuclear Symmetries Associated with Self-conjugate Nuclei 

Using proton-rich BIBs detailed nuclear structure studies of nearly self-
conjugate nuclei (N = Z) will be extended to the proton drip line at Z = 100. 
Thus, a variety of questions associated with isospin invariance and proton-
neutron interactions, such as the relative strength of the monopole n-p (T = 0) 
and the n-n and p-p, (T = 1) pair interaction and superallowed 13 decay, can be 
addressed for the first time in medium-mass nuclei. 

It is well known that the quadrupole component of the T = 0 neutron-proton 
interaction plays a very important role in the evolution of collectivity and 
deformation. 2 6 ' 2 7 However, less is known about the monopole residual n-p 
interaction, which depends on the spatial overlap of the orbitals (see however 
refs. 2 8 ' 2 9 ) . Studies of the n-p interaction are particularly important in nuclei 
where the valence protons and neutrons fill identical orbitals, thus 
maximizing their spatial overlaps. This condition is rarely encountered in 
stable-beam studies except for light-mass nuclei; therefore, information on 
this interaction is scarce in stably deformed nuclei. 

For example, though calculations have existed for twenty-five y e a r s 3 0 ' 3 1 

indicating that T = 0 (n-p) pair correlations should be favored over T = 1 (n-n 
and p-p) pair correlations in self-conjugate (N = Z) nuclei, only recently have 
such correlations been demonstrated 3 2 for s-d shell nuclei (see Figure 5). As 
expected, the extracted values of the double binding energy difference for even-
even nuclei, 

8Vnp(N,Z) ^ 0.25 {[B(N,Z)-B(N-2,Z)] - [B(N,Z-2)-B(N-2,Z-2)]}, m -A n p (1) 
which provides an empirical estimate of the interaction strength between the 
last neutron and the last proton, are observed to decrease with increasing 
neutron excess. The near equality of these values of A n p = - 8V n p and the n-n 
and p-p pair gaps (A n n and A p p), shown for self-conjugate even-even nuclei in 
Figure 6, provides a nice confirmation of the charge independence of the 
nuclear force. 

Additional information on the monopole n-p interaction is available from 
the detailed distribution of the values of 8V n p as a function of N = Z. The 
larger values of Ann, A p p , and A n p for N = Z = 10-14 are attributed to the large 
spatial localization and hence large overlap of the valence neutrons and 
protons which occur when the deformed orbitals of the ds/2 shell-model states 
are occupied at these mass numbers. The relative excitation energy of the 
lowest T = 0 and T = 1 states in odd-odd self-conjugate nuclei (also shown in 
Figure 6) may provide an even better measure of the n-p interaction than the 
8V n p systematics. Such data are specific to a single nucleus, whereas the 
values of 8V n p are calculated from the masses of four different nuclei, which 
especially in the s-d shell, may have quite different deformations. Indeed the 
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Figure 5. N and Z distribution of 
double binding energy differences, A n p 

= -SVnp, as calculated for even-even s-
d shell nuclei using eq. (1). This figure 
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Figure 6. In the left-hand portion the double binding energy differences (Anp = -8V n p ) 
for even-even self-conjugate sd shell nuclei are compared with the neutron and proton 
pair gap parameters (A n n a n d App) calculated using the "standard" four-mass 
expression.34 The near equality of these three quantities is striking. The right-hand 
portion compares the excitation energies of the lowest T = 0 and T = 1 levels in the odd-
odd self-conjugate sd shell nuclei. The preference for a T = 0 ground state (except for 
34C1) argues for strong n-p correlations. 



T = 0 ground state for all odd-odd self-conjugate sd-shell nuclei, except 3 4 C1, 
argues for strong n-p pair correlations. With proton-rich EIBs it should be 
possible to extend such studies of self-conjugate nuclei to A = 100, which 
would make a similar, but perhaps more meaningful, study of n-p interactions 
possible in the more stably deformed A = 80 nuclei. Here the Nilsson 
components of the lgg/2 shell-model state are more localized than for the lds/2 
state in the s-d shell. 

The comparison of superallowed £) decay (i.e., 0 + —»0 + £ decay between 
states of the same isospin) with (X decay provides the most sensitive test of 
the Conserved Vector Current (CVC) hypothesis. Precise measurements have 
been made for seven cases between A = 14 and 54 providing 3 3 a 0.04% test of 
CVC. This precision is sufficient to address the questions of quantum 
corrections to the Standard Model connecting electromagnetic and weak 
interactions. With EIBs it may be possible to extend such tests to A ~ 100, 
and to decay between states with Tz = -1 and 0. Superallowed decay data for 
T z=-1 —>Tz =0 only exists for A = 14. Though it may be difficult to provide the 
precise measurements required for meaningful tests of CVC with less intense 
RIBs, precise heavier-mass data would be sensitive to quantum corrections, 
which are Z dependent. 

5. Astrophysics Applications of RIBs 

At a variety of cosmic sites, either the neutron or hot-proton flux is 
sufficiently intense to produce nuclear reactions on a second-to-subsecond 
time frame. Under such conditions any reaction product with a comparable or 
longer half-life than the reaction time will become a possible target for a 
subsequent reaction, and a chain, or network of such reactions can result. 
Many of the heavy elements of our universe were synthesized in such rapid 
neutron-capture or rapid proton-capture processes (the so called r- and rp-
processes). Likewise, these processes power some of the most violent cosmic 
events. RIBs provide the possibility of studying for the first time the 
reactions associated with such processes. 

The high entropy "bubble" of Type II supernovae that forms in the early 
expansion phase following the core collapse is thought to be the site of the r-
p r o c e s s . 3 5 This environment is characterized by low densities, high 
temperatures, and a large abundance of neutrons. The path of the r-process is 
governed by a balance between neutron capture and B decay. Thus, if the 
appropriate neutron-capture cross sections and B-decay lifetimes are known, 
the r-process path is a measure of the neutron density of the environment. 
The predicted 3 6 path of the traditional r process is compared in Figure 7 with 
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Figure 7. Comparison of the "new" nuclei that can be s tudied 3 7 using the RIBs projected for a modern ISOL facility and the 
traditional path of r-process nucleosynthesis. 3 5 ' 3® For reference, the closed neutron and proton shells and the predicted 3 9 

drip lines are shown by heavy solid lines, and stable nuclei are indicated by filled squares. The r-process path also is shown 
by filled squares; however, these nuclei can be distinguished from stable nuclei by their large neutron excess. 



Figure 8. Comparison of the "new" proton-rich compound nuclei (shaded squares) that 
can be produced by the HRIBF 4^ and the predicted 4 1 path of a "hot" rp-process (arrows) 
assuming a temperature of 1.5 x 10^ °K and proton densities of 10 4 g/cnA Some of the 
early projected RIBs for this facility (indicated by heavy shading) could be used with a 
hydrogen target for (p,y) reaction-rate measurements. For reference, stable nuclei are 
shown as squares, and proton and neutron closed shells and drip lines^9 indicated by 
heavy lines. 

"new" nuclei 3 7 which may become available for study with a large modern 
ISOL RIB facility. Many of the 13 decay lifetimes, at least for the lighter nuclei 
in the r-process path, already are known from 13-decay studies of fission 
fragments. It may be possible to extend such measurements to even more 
neutron-rich nuclei by transferring neutrons to or picking up protons from, 
neutron-rich RIBs. Though it is difficult to measure neutron-capture cross 
sections of short-lived nuclei far from stability, it will be possible in some 
cases to measure neutron transfer spectroscopic factors for such nuclei using 
inverse (d,p) reactions and RIBs. 

The conditions for explosive hydrogen burning (a hot hydrogen-rich 
environment) have been hypothesized for a variety of stellar sites, such as 
thermonuclear runaway in material accreting on the surface of a white dwarf 
in interacting close binary stellar systems (see ref. 3 8 ) . This outburst is 
observed as a nova, or if very energetic, as an x-ray burst. If the temperatures 
and densities are sufficiently high, such an rp-process (which also may occur 



for accreting neutron stars and in the passage of the shock wave through the 
hydrogen zone of a type II supernova) may proceed to nuclei with A ~ 80. The 
path of this rp-process, shown in Figure 8 for rather high temperatures and 
proton densities, is determined by the balance between (p,y) reaction rates 
and B + decay. This process will proceed so long as the rate for the (p,y) 
reaction is greater than the rate for B + decay. Again R+ decay lifetimes are 
known for many of the nuclei in the rp-process path. RIBs will allow direct 
measurements of many of the (p/y) reaction rates (see e.g., refs.8>9) in the rp-
process path (see Figure 8). Likewise, a variety of pertinent nuclear 
properties of rp-process nuclei (such as masses, binding energies, level 
densities, lifetimes of isomeric states, and quantum numbers of energy levels 
in the Gamov window) also can be measured. A program of such 
measurements is planned for the HBIBF at Oak Ridge when it becomes 
operational next year. 

6. Perspectives 

Presently four intermediate-energy, heavy-ion facilities are operational 
producing projectile fragmentation RIBs. These facilities devote more than 
half their beam time to RIB physics. Scientific results from such facilities, 
such as those reported at this conference and discussed in Section 3, have a 
major impact in our field. All these PF facilities have major upgrade plans. 

Recent technical advances in the production and ionization of radioactive 
atoms allow the construction of a new generation of high-intensity, broad-
mass-range ISOL RIB facilities which will complement the higher energy PF 
facilities for detailed nuclear structure and nuclear astrophysics studies. A 
facility at the Universite Catholique de Louvain in Louvain-la-Neuve is 
operational, the HRIBF facility in Oak Ridge is presently being 
commissioned, and several other ISOL facilities are under construction. 

These facilities will be able to address a large variety of nuclear structure, 
nuclear astrophysics, and materials science (not discussed herein) questions. 
A few of these exciting topics associated with the nuclear structure of weakly 
bound nuclei near the neutron drip line, nuclear interactions in self-conjugate 
nuclei, and r- and rp-process nucleosynthesis are briefly reviewed herein. 
However, as with any scientific frontier, the most exciting future 
developments probably are those which are yet not defined. The future 
promises to be truly exciting! 
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