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THE CASE FOR EXOTIC BEAMS
AT THE HOLIFIELD HEAVY ION RESEARCH FACILITY

J.D.OARRETT O0.f-Mlt2.t-4
Physics Division, Oak Ridge National Laboratory DE92 008003

Oak Ridge, TN 37831-6371

ABSTRACT

The case is presented for modifying the Holifield Heavy Ion Research Facility
at Oak Ridge National Laboratory to provide beams of proton-rich exotic isotopes,
that do not occur terrestrially. A program of nuclear structure studies for light- and
medium-mass, nearly self-conjugate nuclei and for heavy, proton-rich, quasibound
nuclei is outlined, as are studies of hydrogen-burning reactions that occur in
nucleosynthetic processes. Such a scientific program will provide a unique future
for nuclear physics research at ORNL consistent with the long-standing tradition of
this laboratory.

1. Introduction

Early in 1990 it was realized that the Holifield Heavy Ion Research Facility (HHIRF) at Oak
Ridge National Laboratory (ORNL) occupies a unique position for producing and accelerating
proton-rich exotic beams* for nuclear, atomic, and astrophysics studies. Not only do two
accelerators [the Oak Ridge Isochronous Cyclotron (ORIC) and the 25 MV Tandem
electrostatic accelerator] operate in close proximity with a heavily-shielded area for an Isotope
Separator On-Line (ISOL) target/ion source existing between them, but this laboratory and its
staff and users also have a variety of detection equipment and a strong tradition for nuclear
structure physics. Likewise, this facility is constructing a state of the art Recoil Mass
Spectrometer (RMS),1 an important instrument for the study of nuclei far from stability and a
crucial instrument for studying the proton-rich nuclei that would be produced by the
Oak Ridge Exotic Beam (OREB) Facility.

In May 1990 a study group composed of Gerald Alton, Ken Carter, Charles Jones, I-Yang
Lee, David Olsen, Ken Toth, and myself was established to assess the scientific and technical
merits of an exotic-beam facility at ORNL. This study corcluded that the existing equipment
and tradition of the Holifield Facility provide a unique opportunity for constructing a cost-
effective, timely first-generation facility for accelerating proton-rich exotic beams above the
Coulomb barrier for A < 80 and for Coulomb excitation and astrophysics for A < 90 and <
ISO, respectively. The results of this study, which formed the basis of our proposal2 for the
OREB Facility to the U.S. Department of Energy in February 1991, are the background
material for this brief report on the physics that can be accomplished with exotic beams from
the Holifield Facility. The technical details of the proposed OREB Facility also are described in
rcfcrence3 DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United Sutes
Government. Neither the United Stales Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Figure 1. Positions of isotopes that preliminary studies2 indicate should be among the earliest
exotic beams from the proposed OREB Facility are shown (heavy diagonal shading) on a chart
of light nuclides. Proton-rich isotopes with halflives < 1 s and stable nuclei are shown as
shaded and solid boxes, respectively. Heavy lines denote closed proton and neutron shells as
well as the proton and neutron drip lines.

2. The OREB Facility

The modifications required for the production and acceleration of exotic beams at the Holifield
Facility include: the construction of an ISOL target/ion source and a charge-exchange system
situated on a 300 kV high-voltage platform to facilitate the injection of beams into the Tandem;
modifications to ORIC allowing the acceleration of high-intensity light-ion beams; the
construction of new beam lines connecting ORIC, the ISOL target/ion source, and the Tandem;
the construction of a high-resolution mass analyzer to select pure isobars; and a variety of
devices to provide for safe operation of the proposed OREB Facility. References 2,3 describe
these modifications in greater detail. The total cost of the OREB Project is estimated2 to be
about $5 M, and its construction would take about two years from the date of major funding in
a fully-funded scenario.



The development of exotic beams of each element is strongly dependent on the chemistries of
the ISOL target material and the element to be accelerated, as well as the production cross
section and the electron affinity of the accelerated ion. It is felt that the proton-rich isotopes of
carbon, oxygen, fluorine, sodium, silicon, phosphorus, sulfur, chlorine, potassium, copper,
germanium, arsenic, selenium, and bromine, shown in Figure 1, could be accelerated with
sufficient intensity (108 - 1 0 u ions/s) to be useful for nuclear structure and astrophysics
studies. (For reference one panicle nanoampere = 6 x 109 ions/s.) The detailed production of
these secondary beams is discussed in Chapter 4 of reference 2. It, however, is emphasized
that, since the production of exotic ions for acceleration as secondary beams is itself a research
project, the final invem">ry of accelerated beams may differ considerably from those shown in
Figure 1.

3. The Scientific Program for the OREB Facility

Because of the decreasing ratio of protons to neutrons for heavy stable nuclei, the most
efficient technique of populating proton-rich nuclei for nuclear structure studies is heavy-ion
induced fusion-evaporation reactions using proton-rich projectiles and targets with nearly-equal
masses. For lifetimes less than about a day the production and use of radioactive targets are
not practical. Therefore, the only hope of studying proton-rich nuclei even further from
stability is by accelerating proton-rich exotic beams. For the ISOL technique nuclei with half-
lives greater than about one second can be accelerated. This limit is associated with the release
times in the target and therefore is very sensitive to the target and beam chemistry. The 1 sec.
limit is indicated in Figure 1.

The region of "new" nuclei (i.e. those that can be produced in fusion-evaporation reactions
using the OREB exotic beams, but which are not accessible with stable beams and stable
targets) is shown in Figure 2. (The combination of exotic beams with exotic targets, which
could be produced using the beams from the ISOL source and the 300 kV platform, has not
been considered in this figure.) A band of "new" isotopes (about 180 in all), increasing in
width with increasing proton number, becomes available for study. The large number of "new"
heavy isotopes reflects the increased neutron deficiency of the heavier beams that the proposed
facility can produce, see Figure 1. Above polonium (produced using selenium beams and tin
targets), the proposed facility becomes ineffective. These very heavy elements can be
produced more efficiently with heavier stable beams and proton-rich stable targets near tin. Of
course, most of the proton-rich fusion-evaporation products with Z > 94 fission before they
have the opportunity to gamma or beta decay, so detailed studies of the structure of such
systems would be limited even if they could be produced.

Many of the "new" nuclei that can be produced with the OREB Facility are proton (and alpha-
panicle) emitters, see Figure 2. Above tin (Z = SO) nearly all the "new" odd-Z isotopes are
predicted4 to be unbound to proton decay, and above gadolinium (Z = 64) all the "new"
isotopes are proton unbound. Indeed bismuth isotopes with IS fewer neutrons than the
predicted proton drip line can be populated with the proposed OREB Facility. Though these
isotopes are proton emitters, the proton is quasibound by the Coulomb potential producing
lifetimes of sufficient duration to allow nuclear-structure studies, i.e. the lifetime for proton
emission is longer than that of the gamma-ray cascade which provides much of the nuclear
structure information. Indeed this is not the case for neutron-rich nuclei unbound to neutron
decay, since there is no Coulomb potential inhibiting neutron decay.
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Figure 2. Cross-shaded boxes indicate nuclei that can be studied using fusion-evaporation
reactions with the exotic beams shown in Figure 1 and stable targets, but that cannot be studied
with such reactions and stable beams and stable targets. Evaporation of 3-5 panicle (neutrons,
protons, and alpha-particles) were allowed with no more than one neutron for Z £ 30, no more
than 2 neutrons for 30 < Z £ 60, and no more than 3 neutrons for Z > 60. For reference,
stable nuclei are shown as solid squares and the proton and neutron closed shells and drip lines
are denoted by heavy solid lines. Likewise the location of the self-conjugate nuclei (N = Z)
also is indicated.



Table 1. Interesting Scientific Questions that can be Addressed Using the ORES Facility.

Topic Reference

Nearly Self-Conjugate Nuclei (N » Z):
New Doubly-Magic l wSn
Exotic Nuclear Shapes
Superallowed Beta Decay
Barshay-Temmer Relation

Proton-rich Heavy Nuclei:
Coulomb Redistribution
"Schizophrenic Nuclei"
Octupole Deformations
"Coriolis Correlations"

General Nuclear Structure Problems (Everywhere):
Proton Drip Line
New Regions of Deformation
Long Isotopic and Isotonic Chains (pn Interaction)
Proton Transfer Reactions
Subbarrier Transfer
Chaos

Astrophysics
rp-Process Nucleosynthesis
CNO Cycle and Breakout
Na-Nc-Mg and Mg-Al-Si Minicycles
p Process Nucleosynthesis
Inhomogeneous Big Bang Nucleosynthesis
Neutrino-Induced Nucleosynthesis

text, 2
text (Table 2), 2,11-15
text, 17
text, 18

text, 21
text, 2
text
6,23

2, 19, 53
2
6, 29, 54
2,6
6,55
5,6

text, 9, 34, 4
9, 34, 35, 37
35
text, 47
text, 33, 38
text, 42-44

The wide variety of nuclear structure and astrophysics that will become accessible with the
proton-rich beams from the OREB Facility is illustrated by the topics listed and referenced in
Table 1. Though it is not possible to provide a comprehensive discussion of all these topics in
the present article, the remaining portion provides additional information for some of them.
Many of the other topics are discussed in a series of recent articles on nuclear structure2*5'6 and
astrophysics2'6'9 with exotic beams and references therein.

3.1. Nuclear Structure Studies in Nearly Self-Conjugate Nuclei (N » Z)

Nearly self-conjugate nuclei play a distinctly important role in nuclear structure studies. Not
only does the "in phase" occurrence of proton and neutron shell effects provide sharper minima
in the potential energy surface, but the small values of isospin for heavier nuclei allow more
sensitive tests of fundamental symmetries in nuclei. A variety of exciting nuclear structure
studies, as varied as a new doubly-magic nucleus, 100Sn, heretofore unobserved exotic nuclear
shapes, and a more sensitive test of the conserved vector current (CVC) hypothesis that can be
made with the proton-rich beams from the proposed OREB Facility are described in the
remainder of this and the following section.
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Figure 3. Plot of the predicted single-panicle energies (ev) of Nilsson configurations as a
function of (fc) for light nuclei $ 4 is minimized for each value of P2). For N « Z this figure
can be applied to both single-neutron and single-proton configurations. Panicle numbers
corresponding to gaps in the spectrum of single-particle states (shown inside circles) are
associated with the variety of exotic shapes predicted for light nuclei with N = Z, which are
discussed in the text and in Table 2. This plot is taken from reference SI.

Studies of shell-model nuclei in the vicinity of 100Sn, the heaviest self-conjugate doubly-magic
nucleus bound to particle decay, have long been a Holy Grail for nuclear structure scientists.
The Coulomb effects provide a stronger relative penurbation for these nuclei, than for any
other doubly-magic region. Thus studies of 100Sn will afford a crucial test of the effect of
neutron excess on the stability of closed-shell nuclei. Tin-103 is the lightest tin isotope that has
been studied using stable beams and targets.10 Doubly-magic I00Sn could be produced with a
cross section of a few microbarns2 using either the ̂ Ca^Se^o^n) or the 4°Ca(64Ge,2p2n)
reactions, and several other neighboring shell-model nuclei, e.g., the single-neutron nucleus,
101 Sn, and the single-proton hole nucleus, "In, can be produced with cross sections of the
order of 1 mb and 0.3 mb, respectively.2 Even larger production cross sections for 100Sn
could be obtained with (wGe,2a) or (65Ge,2ctn) reactions on a radioactive ^Ti (T1/2 = 47 yr)
target. In principal, such a target could be produced using the ISOL source and the 300 kV
injector; however, the release of titanium from compounds of scandium or calcium in the
target/ion source and problems associated with the production of such long-lived activities have
not been seriously considered.
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Table 2. Predicted Exotic Shapes for Light Self-Conjugate Nuclei.

Shape Nuclei

Superdeformed

Hyperdeformed

Octupole Deformation

Triaxial ^Ti.^Kr 22,36 15

N - Z

30-44

42-46

32

Reference

13

11

14

Large Oblate
Ground States / ^ » 72Kr 36 12

The reinforcement of neutron and proton shell structures in the nearly self- conjugate nuclei and
the low densities of deformed single-particle states at various deformations, see Figure 3,
conspire to produce a variety of exotic nuclear shapes as different as the hyperdeformed prolate
shape (p « 0.9) for N « Z = 42-46 at very high spin11 and the largest predicted12 oblate-
deformed ground-state deformation (p « -0.3) only a few nucleons away at N » Z » 36.
Several of the predicted,11*15 and as yet unobserved, exotic shapes for this mass region are
given in Table 2. The gaps in the single-panicle spectrum and/or the single-panicle states
responsible for the various collective modes can be identified in Figure 3. For example, the
proximity of the 2p3/o and the lg9/2 orbitals (At = 3 and opposite parity) near N » Z => 30-34,
is responsible for the predicted14 octupole deformation of &Ge.

3.2. Tests of Fundamental Symmetries

The comparison of superallowed beta decay (i.e. beta decay between 0+ - » 0 + states with the
same isospin) and muon decay provides the most sensitive test of the CVC hypothesis. This
conservation law figures prominently in the verification of the Standard Model unifying weak
and electromagnetic interactions.16 Precise superallowed beta-decay measurements have been
made in the range of A = 14 - 54, providing a 4 pans in 104 test of CVC,17 which is at the
level of the quantum corrections to the Standard Model. Besides simply providing additional
cases [with the OREB Facility it is possible in principle to extend superallowed beta decay
measurements to A = ^10 (11OmCs -> 110Xe) - see Figure 2], data for heavier nuclei will
allow both improved outer radiative and charge corrections17 to the extracted/r values. The
outer radiative correction, 6R, accounts for the interaction between charged panicles. This
correction, typically of the order of one percent, is calculated from quantum electrodynamics.
Since 6R is Z-dependent, it is sensitive to data for heavier nuclei. An even larger uncertainty is
associated with the charge-dependent correction, 8C, resulting from the overlap of wave
functions in the "mother and daughter" analogue states, since this correction is calculated from
nuclear structure models. Measurements of 0+ -» 0+ isospin-forbidden and superallowed
transitions in the same nuclei would allow a more sensitive test of the calculated isospin mixing
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thereby improving the charge-dependent corrections. Heretofore, such measurements have not
been possible, since the 0+ states corresponding to the isospin-forbidden transitions, do not
occur in the beta-decay Q-window for the measured cases. Extensions to heavier nuclei where
the Q-windows are larger will allow such measurements. The ft value characterizing a
particular beta transition is determined by three experimental quantities: the transition energy,
QEC: the half-life of the beta emitter, and the branching ratio for the transition of interest.

As a result of an approximate charge symmetry occurring when either the initial or final
products of a binary reaction are members of the same isospin multiplet, the reaction yields
should be symmetric about 90° independent of the reaction mechanism.18 Because of the lack
of appropriate stable target and projectile combinations such tests of isospin invariance have
only been made for a few reactions of light nuclei such as 4He(d,t)3He, 9Bc(t,6Li)6Hc, or
12C(14N,13C)13N. Proton-rich exotic beams provide a large variety of additional tests that
extend not only to heavier systems, but also correspond to complex particle transfer in which
the reaction mechanism is more complicated. Besides the obvious cases in which the exotic
beam is used to bombard its stable isobar, such as U C + n B , l 4 0 + WC, 30S + 30Si and 33C1
+ 33S, there exists a new group of combinations in which various Tz = -1/2 and -1 beams are
used to produce isobars in the final channel, such as uB(>5o,l3C)13N, ^ ^ ^ ^
2 S 3 f 2 9 2 9 , and » 4 3 Q 2 2 2 2

3.3. Nuclear Structure Studies in Heavy Nuclei

The "new" heavy proton-rich nuclei that can be produced using the proposed OREB Facility,
see Figure 2, are unique in several interesting respects: (i) they are unbound to proton
emission; (ii) the magnitude of the Coulomb energy relative to the energy associated with the
strong interaction among the nucleons is large (both Z and the ratio Z/N are large); and (iii) the
neutron Fermi level is low in a neutron shell and the proton Fermi level is high in a proton
shell. This is the only mass region where such a combination of neutron and proton Fermi
levels occur in the presence of strongly-polarizing high-j orbitals.

A survey of the scientific possibilities afforded by the use of exotic beams for the study of
proton-emitting heavy nuclei is discussed by the recent contribution of Toth, et al.19 to the
Second International Conference on Radioactive Nuclear Beams. Since such interesting new
studies are within the tradition of the current HHIRF users, they almost certainly would be a
part of the program of the OREB Facility.

In contrast to the situation for nuclei at the neutron drip line,20 proton halos, i.e. proton wave
functions extending to anomalously large radii, are not expected for weakly-bound proton
systems near the proton drip line. The sizable Coulomb barrier that inhibits proton decay,
thereby allowing proton emitters to be studied, also reduces the halo. However, with the
OREB Facility it is possible to study heavy nuclei far beyond the proton drip liirs (e.g., 177Bi,
with IS fewer neutrons than the predicted4 proton drip line and 32 fewer neutrons than the
stable bismuth isotope, see Figure 2)! Indeed the properties of such "virgin" nuclei should
provide a vital frontier for the proposed new facility.

For example, recent, refined analyses of the masses of heavy nuclei, reveal the need for terms
in the finite-range droplet model describing Coulomb-induced charge redistribution processes,
in which both volume and surface redistributions of protons relative to neutrons occur.21 In
heavy nuclei the volume term is predicted to be the dominant contribution. Mass measurements
for the "new," very proton-rich, heavy nuclei accessible with the OREB facility would
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Figure 4. Enlarged portion of Figure 2 for proton-rich heavy nuclei showing the predicted12

ground-state quadrupole deformations for each of the "new" nuclei that can be produced with
OREB beams. Values of Tz (2 (N-Z)/2) also arc indicated for reference (light dashed lines) as
are the N and Z = 82 isotones and isotopes (heavy lines).

definitively establish the existence of Coulomb redistribution terms in the droplet model and
provide improved tests of higher-order asymmetry (isospin) parameters in such models. Even
more direct information on such redistribution effects may become available by measuring the
isotopic shifts of mean-square nuclear radii or the quadrupole moments of these exotic nuclei
using, e.g., laser techniques.22

The shape of the "new," very proton-rich, heavy nuclei also is an intriguing nuclear-structure
problem. Valence neutrons, occupying the lower portion of the N = 82-126 shell, polarize the
nucleus producing prolate shapes. In contrast, the nearly-filled Z = 50-82 proton shell
"prefers" oblate shapes. Such effects are amplified in heavy nuclei where the enhanced
localization of the magnetic substate distributions of high-j configurations23 increases the
polarization effects of the single-particle orbitals. How docs the resulting (somewhat
"schizophrenic") nucleus react to these opposing effects? Does it become triaxial? (Seee.g.,a
study52 of 16!Lu, a lighter N = 90 isotone.) If so, is a stable triaxial shape established?
Perhaps the nuclear shape is simply not well defined? (The nucleus is a quantum system;
hence the wave function can be a complicated mixture of terms corresponding to very different
shapes.) Maybe a variety of different shapes coexist, or even more speculative do the proton
and neutron matter distributions decouple? (Recent generator coordinate calculations with
Hartree-Fock plus BCS wave functions24 have begun to assess the possibility of decoupled
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Protons Neutrons

Figure S. Plot of predicted single-proton (left) and single-neutron (right) energies for
Nilsson configurations as a function of the quadrupole deformation (P2) appropriate
for the nuclei discussed in section 3.3. These single-particle levels were calculated
using Woods-Saxon potentials51 and assuming P4 = y = 0 .

proton and neutron distributions.25) Indeed, models12 predict both slightly-oblate and slightly-
prolate ground-state deformations for the "new" nuclei, see Figure 4; however, it is well
known that the deformation of nuclei in simpler transitional regions are both strongly
configuration26 and strongly angular-momentum27 dependent. For example, the nucleus
deforms at high spin nearer to the closed shells than it does for low spin.27*28

The unique positioning of the proton and neutron Fermi levels for the "new", proton-rich
heavy nuclei yields an assonment of special orbital combinations that foster a variety of
interesting nuclear-structure problems. For example, due to the small neutron excess, the
proton orbuals, intruding from above the Z = 82 shell, are identical to the neutron orbitals just
below the Fermi level, see Figure 5. ( T z , s (N - Z)/2, is as small as 3.5 for the lightest "new"
rhenium, osmium, indium, and platinum isotopes, see Figure 4.) Indeed, the situation
approaches that of tight, nearly self-conjugate nuclei, described in the preceding subsection
where the neutrons and protons fill identical shells. The residual proton-neutron interaction is
strongly attractive for such a situation. Strong interactions would occur for all deformations so
long as the proton and neutron distributions have similar deformations. However, for
deformed nuclei, strong configuration-dependent residual interactions will occur as a result of
the highly-localized spacial distributions of the various high-j state configurations, see e.g.
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refs. 23 and 29. Such effects would be greatly magnified in this mass region due to the large
spacial localization of the various components of the H13/2 and D19/2 orbitals and their
proximity to the Fermi level. Likewise, the lowering of the high-j proton levels relative to the
high-j neutron levels in the Nilsson model, see Figure 5, will further enhance such effects by
positioning the identical highly-localized high-j proton and neutron orbitals even nearer in the
"new" heavy nuclei with small neutron excesses.

Strong octupole correlations associated with the reflection-asymmetric degree of freedom may
occur in the "new" heavy nuclei that can be populated using the OREB Facility. Evidence for
octupole correlations exist for the N = 88 isotopes of neodymium30 and samarium.31 These
correlations usually are attributed to the neutron H13/2 •- 2f7/2 Al = 3 pair. Therefore, even
more dramatic octupole correlations would be expected for the "new," heavy N - 88 isotones,
such as 166Pt (see Figure 4), where for sizable prolate deformations the !ow-Q components of
the same proton configurations, 1113/2 — 2f7/2, also are near the Fermi level, see Figure 5.
This would be the first opportunity to study the octupole correlations of heavy nuclei in which
the proton and neutron contributions are from the same shell-model configuration.

The RMS is a crucial element in any study of the interesting new spectroscopy outlined for
these heavy proton-rich nuclei in the preceding paragraphs. Because of the lack of such
instruments, studies in this mass region remain several isotopes away from the limits that can
be populated with stable targets and stable beams, see Figure 4. For example, even though
platinum isotopes as light as 167Pt89 can be populated (using the u2Sn(58Ni,3n) reaction),
i68pt90 is the lightest isotope for which decay information is presently available56 and 174Pt%
is the lightest for which excited states have been studied.*7 Platinum-174 occurs where
charged-particle emission becomes a dominant decay mode of the compound nucleus
producing a more complicated distribution of evaporation residues. Therefore, a more
sophisticated system, such as an RMS, for identifying residual nuclei is needed for studies of
lighter isotopes. A great deal of nuclear structure information is needed for these lightest nuclei
that can be studied with stable targets and beams in order to establish ground-state spins,
parities, binding energies, etc. for the "new" systems that will become available with the OREB
Facility.

3.4. Astrophysical Studies With Proton-Rich Exotic Nuclei

A variety of interesting astrophysics problems can be addressed with light proton-rich exotic
beams, i-nging from reactions important in the production of solar neutrinos32 (e.g.,
7Be(p,7)8B -»Sfie + e+ + v -» 2a + e+ + v), to inhomogeneous big bang nucleosynthesis,"
breakout reactions from the CNO cycle,34 and Ne-Na-Mg and Mg-Al-Si minicycle reactions.33

(In the present work hydrogen and helium burning reactions will be written in the standard
form, e.g. 7Bc(p,y), though exotic-beam studies, of course, will be made using the inverse
reaction.) Even though the incident energies of exotic heavy ions corresponding to the proton-
induced reactions on many of the lightest proton-rich nuclei in the Gamow window are too low
for the 25 MV Tandem36 and some of the CNO-cycle reactions (e.g. 13N(p,y)14O) already
have been studied37 by the exotic-beam facility at Louvain-la-Neuve, a great deal of interesting
astrophysics remains to be studied in light nuclei by the OREB facility. For example, even
though inhomogeneous big band (IBB) nucleosynthesis usually is considered33 for the
primordial production of very light nuclei, A £ 9 (not strongly produced in other
nucleosynthetic processes), recent calculations8-38 indicate that the IBB process also produces
much heavier nuclei. Even though with increasing charge, proton-capture rates decrease
relative to neutron capture, calculations8*38 predict proton capture on the proton-rich 17>18F,
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Figure 6. Comparison of the "new" proton-rich compound nuclei that can be produced by
the proposed OREB Facility (shaded squares) and the predicted40*41 path of the rp-process
(arrows) for temperatures of 1.5 x 109 °K and proton densities of lCr g/cm3. Projected2

initial exotic beams (shewn by heavy shading) could be used with a hydrogen target for
direct rate measurements for many of the reactions in the ip-process. For reference, stable
nuclei are shown as solid squares and proton and neutron closed shells and drip lines are
indicated by heavy lines.

21»22Na, and 27Si isotopes to be in the IBB network. These cross sections can be measured
using beams from the OREB Facility. Likewise, alpha-capture breakout from the hot CNO
cycle,34 !4O(a,p)17F and «O«x.Y)l5Ne, and the sodium reactions,3* 2l.22Na(p>Y)22122Mg,
from the Ne-Na-Mg minicycle also can be studied using OREB beams.

Probably the most important early contribution of the OREB Facility tc astrophysics will be
studies of nuclei in the r(apid)p(roton-capturc)-proccss path, because of the general lack of
experimental information for such nuclei and the nearly complete overlap of the "new" nuclei
that can be produced with OREB and the rp process nuclei, see Figure 6. As described in
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Champagne's contribution in these proceedings,34 thermonuclear runaway can occur in
material accreting on the surface of a white dwarf in interacting, close binary stellar systems.
Such an outburst, observed as a nova, or if very energetic as an x-ray burst, has all the
ingredients (hyilrogen-rich accreted material from the red giant, light heavy ions from the white
dwarf, and high temperatures) to ignite an explosive-hydrogen burning process. If the
temperatures and densities are sufficiently high, such an rp-proccss (which also may occur for
accreting neutron stars and as the shock wave passes through the hydrogen zone of a type II
supernova) may proceed39 all the way to mass 80. The path of this rp-process, shown in
Figure 6 for a temperature of 1.5 x 109 °K and a proton density of 104 g/cm3 (references 9,40,
and 41), is determined by the balance between the reaction rates for large densities of "high-
energy" protons and beta decay. It will proceed so long as the rate for the (p,y) reactions is
greater than the rate for ji+ decay (i.e. X(p,Y)» X(P+j. Therefore, both reaction rates and
specific nuclear properties, such as masses, binding energies, quantum numbers of energy
levels in the Gamow window, level densities, and the existence and lifetime of isomeric states,
are needed for rp-process nuclei. Indeed the "new" proton-rich beams from OREB can provide
reaction rates for a variety of the rp-process nuclei, such as the (p/y) reaction on 17>18F,
21,22Na, 26,27Sit 29,30p, 3O,31S, 33,34C1,3»K, 58,59Cu, 64,65Ge, and <*As. Among the most
important reaction-rates to be measured are those of the 27Si,31S,65Gc(p,y) "bottle necks", in
which the path to heavier masses is confined to a single major route. The 26Si, 3 0S, ^Gc
(p.Y) "waiting point" reactions also are of considerable importance to the rp-process. They fix
the probability of populating nuclei near the proton drip line that are proton unbound or that
have very small proton binding energies. These nuclei decay back to the parent by either direct
proton emission or photodisintegration, (Y,p). In such a situation an equilibrium is established
between the neighboring even and odd isotones "trapping" a portion of the "network flux" and
producing a delay in populating heavier nuclei in the network. Of course, the "bottle necks"
and the "waiting points", indeed the whole path of the rp-process, are somewhat temperature
dependent.40 Likewise, nuclear structure properties of nearly all of the nuclei in the rp-process
path, not accessible with stable beams and stable targets, can be studied using the exotic beams
produced with OREB -- see Figures 2 and 6.

The experimental detection of neutrinos associated with the core collapse of Supernova 1987A,
establishing the neutrino flux for type n supernovae, has led to a reassessment of the role of
neutrino-induced reactions in nucleosynthetic processes. Indeed there is a large probability that
the inelastic scattering of the 10s8 neutrinos emitted during the collapse of the progenitor star
will populate excited nuclear states that are particle unstable,42 even though the cross sections
for each individual reaction is extremely small. Such processes can produce significant
modifications of both the yield of lighter nuclear products (v-process) and the starting point, or
"seeds," of the r(apid-neutron-capture)-process which takes place at a later stage of the
supernova explosion.43'44 The latter mechanism has been referred to43 as the "a-process"45

because of the importance of (a,n) reactions triggered by products of the (v,a) reactions.
Indeed, these reaction neutrons help to sustain the r-process in the expansion stage of the
explosion. Though at this early stage it is difficult to specify the critical exotic beam
experiments for these neutrino-induced processes, it appears that neutrino-induced particle
emission will require nuclear structure information, such as precise a-particle, proton, and
neutron emission rates, for a variety of proton-rich nuclei with Z £ 28. These are reactions that
would occur in the various shells of the supernova progenitor. Likewise, the rates for (a,n)
reactions on both proton- and neutron-rich light nuclei will be needed.
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Figure 7. A section of the chart of the nuclides, taken from reference 35, showing the path
of the s-process and schematically the r-process. Proton-rich stable isotopes that are
"shielded" from the s- and r-processes by stable isobars are labeled p denoting the p-process.

Light stable isotopes of many elements with Z £ 34 are "shielded" by stable isobars from nuclei
formed in the s(low)- and r(apid-neutron-capture)-processes, see Figure 7. Though the
existence of the lightest of these nuclei possibly can be explained by proton- and alpha-capture
processes taking place in the rp- and neutrino-processes (described in the preceding
paragraphs), the synthesis (and the cosmic site) of the lightest isotopes of many heavy elements
is not firmly established. The abundances of these so-called p-process nuclei as a function of
mass parallels that of nuclei formed by neutron capture, but they are reduced by a factor of
100-1000. Such abundances are consistent with the interpretation that pre-existing s- and r-
proccss nuclei are the precursors of these proton-rich nuclei. Proton-induced reactions or
photodisintegration of massive nuclei have been proposed46'47 as mechanisms for their
production. Measurements of the appropriate proton reaction rates for the production of some
of the lightest p-process nuclei, e.g.,'3As(p,y)'4Se, can be made with the initial OREB beams
shown in Figure 1. Since such hydrogen-burning occurring in stellar processes is at subbarrier
energies, it will be possible to extend these measurements of p-process reaction rates to A *
ISO. At present, the problems associated with the production and acceleration of exotic beams
heavier than rubidium (Z = 37) have not been considered.2

4. Perspectives

Today nuclear-structure science stands at a threshold somewhat similar to its situation in the
1950's and 1960's, when the acceleration of heavy ions was first considered. At that time it
was realized that the use of heavy ions would greatly extend the number of nuclei available for
study (especially on the proton-rich side of the valley of stability). Many scientific reasons
were advanced for the construction of heavy-ion facilities.48 Heavy-ion accelerators became a
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reality, and indeed many of the justifications also did, but some did not -• e.g. the production
and study of superheavy nuclei and the direct transfer of massive nuclear fragments. Likewise,
many of the most interesting current topics that are studied with heavy ions, e.g. most of my
own field, high-spin physics, were not even considered at the time that heavy-ion accelerators
were proposed. Whc at that time would have thought that twenty-five years later we would be
constructing relativistic heavy-ion machines or that the study of positron lines associated with
the interactions of very heavy ions would be an important topic. Indeed, heavy-ion science has
been very successful.

Today a large community of nuclear scientists again is expressing an interest in a major
extension to our discipline of a similar nature and magnitude, based on the acceleration of high-
intensity beams of exotic nuclei. Indeed, the North American Steering Committee for the
IsoSpin Laboratory has documented more than 400 nuclear scientists who would be interested
in such facilities; exotic beam facilities were recommended independently by three of the seven
town meetings (Low Energy Nuclear Physics, High Energy Heavy Ion Physics, and
Astrophysics) held in preparation for the 1989 Long Range Plan for Nuclear Science in the
U.S; and both the Long Range Plan for Nuclear Science*9 and the Bahcall Committee for
Astronomy and Astrophysics in the 1990's50 have identified exotic beams as an area for future
development. Parallel initiatives for producing exotic beams exist in Europe and Japan. The
international effort is summarized in reference 6, and the relation of OREB with the other
facilities is discussed in reference 2. Like the heavy-ion initiative of the 60's, exotic beams will
greatly extend the number of nuclei available for experimental study, and many of the
interesting projects proposed in the preceding sections (and in references 2 ,5 ,6 , and 7) will
undoubtedly be successful. However, it is easy to argue that some of the most interesting uses
of exotic beams may not yet be conceived. This is especially true in astrophysics where a
variety of exciting new astronomical instruments (e.g. the Hubble Space Telescope, the
Gamma Ray Observatory, the Advanced X-ray Astrophysics Facility, the Space Infrared
Telescope Facility, and several segmented mirror telescopes) have recently been commissioned
or are being constructed. These facilities will undoubtedly discover exciting new cosmic
processes, requiring nuclear astrophysical measurements with exotic beams.

The proposed OREB Facility is a cost-effective and timely first-generation high-intensity exotic
beam facility that can provide an early American lead in this new and exciting field. It also
would guarantee a continuation of the strong commitment to nuclear structure physics at
ORNL. Both UNISOR and the Joint Institute for Heavy Ion Research, whose anniversaries
provide the motivation for this gathering, have already contributed to, and will continue to be
deeply involved with, this new initiative to provide exotic beams to the users of the Holifield
Facility.

NOTE ADDED IN PROOF: As this contribution goes to press in February 1992 it has just
been learned that the exotic beam initiative for the Holifield Facility is included in the
Presidential Budget for Fiscal Year 1993. Therefore, if the funding of this project survives the
remainder of the budget process, we look forward to a pioneering role for the Holifield Facility
in the development of exotic beam science.
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