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Only 300 out of thousands of isotopes are stable and exist in nature. The others are unstable and decay within
a wide range of lifetimes. The properties of most of these rare isotopes are unknown and can only be inferred,
with considerable uncertainty, from theoretical calculations. The proposed Rare Isotope Accelerator (RIA) will
make it possible to produce and study more than a thousand new rare isotopes in the laboratory. RIA will be
driven by a highly flexible superconducting linear accelerator which will be capable of delivering intense beams
of all elements from hydrogen to uranium. The RIA facility will be the most powerful rare isotope research
facility in the world.

1 Introduction flight separation, is the most economical way of produc-
ing medium-energy (E/A = 50 MeV) beams of rare iso-
In the U.S. the Nuclear Science Advisory Committee topes. This technique allows sub-microsecond isotope sep-
(NSAC) of the Department of Energy (DOE) and the Na- aration by purely physical methods, yielding short beam de-
tional Science Foundation (NSF) has recommended the convelopment times. Thus, projectile fragmentation/fission is
struction of a Rare Isotope Accelerator (RIA) in order to ex- the technique of choice for experiments requiring energetic
plore the scientific opportunities of the terra incognita of rare beams, e.g., knockout reactions, charge-exchange reactions,
isotopes in the nuclear landscape [1]. RIA would be capablespin-flip excitations, and studies of giant resonances.
of delivering intense beams of all elements from hydrogen At RIA rare isotopes at rest in the laboratory will be
to uranium, with beam power in excess of 100 kW and beam produced by conventional ISOL target fragmentation, spal-
energies up to 400 MeV per nucleon [2]. The recently devel- lation, or fission techniques and, in addition, by projectile
oped RIA concept is bold and novel; no present acceleratorfragmentation/fission and stopping in a gas cell. Upon ex-
can provide such intense and diverse beams. It combinedraction, these stopped isotopes can be used at rest for exper-
both major techniques of rare isotope production: (1) pro- iments, or they can be accelerated to energies from below to
jectile fragmentation or fission and in-flight separation, and above the Coulomb barrier. The fast beams of rare isotopes,
(2) target spallation or fission, and isotope separation on-linewhich are produced by projectile fragmentation/fission, can
(ISOL) followed by acceleration of the isotope of interest. also be used directly after separation in a high-resolution
These two techniques are complementary in the species anffragment separator.
energies of the beams that can be produced and drive differ-
ent aspects of the science. Past facility concepts were based
on the implicit assumption that these two techniques require?  Scientific Reach of RIA
two separate facilities.

The traditional ISOL technique is based upon isotope The physics of the RIA facility has most recently been sum-
production at rest in thick targets via fragmentation or fis- marized in the RIA Physics White Paper [3]. This summary
sion of a target nucleus, followed by extraction, ionization, was based on “Scientific Opportunities with an Advanced
separation and acceleration of the desired isotopes to modtSOL Facility” [4] and “Scientific Opportunities with Fast
est energies. It is the technique of choice for the production Fragmentation Beams from the Rare Isotope Accelerator”
of precision beams of low energy (E/A 20 MeV). Inmost  [5]. The three main research areas of RIA will be the na-
cases, beam development involves both physical and chemityre of nucleonic matter, the origin of the elements and tests
cal methods and requires a considerable amount of time angf the standard model. The nuclei that RIA will be able
effort. For very short-lived isotopes, losses due to decay canto make available for these studies cover an unprecedented
be appreciable. Beams created by the ISOL technique argange. The production rates and efficiencies are similar for
ideal for precision studies at or near the Coulomb barrier, re-accelerated and direct fast beams. However, fast beams
such as transfer reactions, multi-step Coulomb excitation, can be used for certain studies with significantly smaller in-
and sub-barrier fusion or capture reactions. tensities. While 19 particles/s could be sufficient for se-

Projectile fragmentation (or fission) combined with in- lected experiments at an ISOL facilities [3], fast fragmenta-
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tion beams will, in addition, allow selected experiments with nita - and for the heavier elements they are likely to remain
nuclei produced with intensities of 1-1@articles/s and in  so for a long time. For example, the heaviest stable iso-
some cases with T — 1 particles/s. For medium-mass tope of tin found in nature i§£4Sn, and the heaviest isotope
to heavy nuclei, direct fast beams will extend the scientific identified in the laboratory i$*4Sn, with a half-life of one
reach of RIA to a region about 8 neutrons further from the second. Theoretical estimates range widely, but suggest tha
line of stability than is presently possible. the heaviest particle-stable isotope could B&n, 42 mass

With fast beams from RIA the neutron drip line may be units further out, and beyond the range of any proposed ac-
reached for elements up to manganese (Z = 25), and mayb&elerator. Since we cannot expect to study these nuclei di-
again at zirconium (Z = 40). For comparison, the heaviest rectly, it is crucial to study nuclei that are as neutron rich as
known drip-line nucleus i$*O (Z = 8). Fast beams fromthe possible, so as to permit a more reliable extrapolation to the
upgraded NSCL facility will make it possible to reach the regions of astrophysical processes and to the neutron drip
drip line for all elements up to sulfur (Z = 16) [6]. line where neutrons become unbound.

Even with very low intensities useful information can be Extended Distributions of Neutron MatteExperimen-
obtained using fast beams. At the level of T(articles/s a1y, the properties of nuclei at or very close to the neutron
the stability of an isotope (and hence in some cases the locagyip jine can only be explored for lighter elements. Several
tion of a drip line) can be determined [7, 8] and its half-life e\ phenomena have been observed in the most neutron
measured [9, 10, 11] if the background is sufficiently low. rich |ight elements. For example, the valence neutron(s) of
At the level of 0.01 particles/s the total interaction cross e neutron-rich, weakly bound nucltiLi and ''Be have
section of the isotope can be determined, and informationyensity distributions that extend far beyond the core. Such
on its matter distribution can be inferred [12, 13, 14]. AlsO eutron halos present an exciting opportunity to study a va-
at this level, modest-resolution mass measurements can bﬁety of nuclear phenomena: diffuse neutron matter, new
made [15]. When the beam intensities reach 0.1 particles/sgdes of excitation, and reaction mechanisms of weakly
nucleon knockout reaction measurements are possible [16]y)4und nuclei. The few nuclei studied so far give us a hint of
Recently, knockout reactions have proved to be an eﬁeqtivewhat will happen as one closely approaches the drip lines.
tool to learn about the structure of neutron- or proton-rich gjnce the decreasing neutron binding energies result in ex-
nuclei [17]. At about the same intensity it is possible 0 {ended and diffuse neutron matter distributions, surface ef-
perform Coulomb excitation experiments to measure the en-fects and coupling to the particle continuum will strongly
ergies of low-lying states and B(E2) values to obtain infor- jnfiyence the properties of these nuclei. Pairing correlations
mation about nuclear deformation [18, 19, 20]. will become increasingly important because the continuum

provides an increased reservoir of states for scattered par
. . ticles. New collective modes due to different proton and
3 Properties of Nuclei far from Sta-  neutron deformations might appear, and the shell structure
biIity may change dramatically due to the strong pairing force at
the surface and due to the expected decrease of the spin

___orbit force. At present;®C is the heaviest nucleus in which
Over the past few decades, nuclear models have been fine; P

S X . a one-neutron halo has been observed. Much heavier nu:
tuned primarily to_ r_eproduce_the properties of nuclei cl(_)se to clei with extended multi-neutron distributions remain to be
the valley of stability. RIA will allow the study of nuclei of discovered and explored

. . . ; plored.
vastly different composition. Experiments at RIA will pro-
vide an unprecedented wealth of new data in very remote  Properties of Neutron-Rich Bulk Nuclear MatteDur-
regions of the nuclear landscape that will challenge the besting a central collision of two nuclei at energies of EA
of nuclear models. Theoretical predictions become increas-200-400 MeV, nuclear matter densities approaching twice
ingly uncertain for nuclei very far from stability. For very the saturation density of nuclear matter can be momentarily
neutron-rich nuclei, the subtle interactions between weakly attained. The resulting hot and compressed reaction zone
bound discrete states and slightly unbound continuum statesubsequently cools and can expand to sub-nuclear density
will play an important, yet poorly understood role. At the Nuclear collision experiments offer the only terrestrial situa-
very least, new numerical implementations of existing the- tion in which such densities can be achieved and experimen-
oretical frameworks together with newly optimized sets of tally investigated. Key issues are the determination of the
parameters will be needed. More likely, entirely new ap- equation of state (EOS) and the investigation of the liquid-
proaches to solving the many-body problem will be neces- gas phase transition of nuclear matter. Such information is
sary. Itis possible that different magic numbers are encoun-needed for nuclear systems of different N/Z composition to
tered far from stability and even that the basic premises of constrain extrapolations of the EOS to the neutron-rich mat-

shell model and mean field descriptions become question-ter relevant to Type Il supernova explosions, to neutron-star
able. mergers, and to the stability of neutron stars.

The Limits of Nuclear Existenc& major long-term ex- Can Heavy Neutron-Rich Nuclei be Deformed® is
perimental challenge for research with exotic beams is thewidely assumed that the n-p residual forces are mostly re-
exploration of the extremely neutron-rich regions of the nu- sponsible for the emergence of nuclear deformation. The ar-
clear chart. These regions are, for the most part, terra incog-guments can be convincingly tested only when the systemat-
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ics of nuclear shapes far from stability are firmly established. standing nuclear processes in the Cosmos. The reactions
Important data are energies and transition probabilities toby which stars generate energy and synthesize the elements
low-lying collective states obtained by Coulomb excitation. are known qualitatively, but many detailed predictions con-
A new tool for determining the degree of deformation can be flict with astronomical observations. Such discrepancies are
provided by the specific shape of the longitudinal momen- not surprising, since many of the nuclear properties and re-
tum distribution of the core residue after particle removal actions involved have not been measured, but have instead
reactions from deformed projectiles. The exotic nuclei may been extrapolated from available data or modeled theoreti-
also reveal unusual symmetries related to the deformationscally. The RIA facility can address these discrepancies and
of higher multipolarities. will allow most of the astrophysically interesting nuclei to

New Modes of Collective Motior8tandard approaches, b€ produced and studied. This capability is now more im-
such as the random phase approximation, break down in thsportant_than ever since new obser\{auonal, experimental and
case of “Borromean” nuclei whose excited states can only theoretical tools are becoming available.
decay by emitting at least two (instead of one) particles. In most cases, one needs nuclear reaction rates, n.uclear
Available three-body methods, such as solving the FaddeevMasses, energy levels, or lifetimes for unstable nuclei that
equation, usually consider the residual nucleus as an ineran only be reached via reactions with rare isotope beams.
core. Such methods are to be supplemented by an improvedror such measurements, the RIA facility will provide an un-
treatment of microscopic dynamics and antisymmetrization. Paralleled arsenal of re-accelerated and fast fragmentation
The strength functions of the collective response can bePeams.
quite different from what is routinely seen in normal nuclei. ~ Other phenomena whose elucidation requires extensive
Systematic studies of giant resonances and low-lying collec-N€w nuclear physics information obtainable at RIA include:
tive modes in loosely bound neutron-rich nuclei will allow
one to establish exchange contributions to the classical sum The Nature and Evolution of Supernova Explosidns:
rules, which express the general properties of nuclear matteformation on the rates of electron capture @decay in the
in the response to external fields. Such information may fur- hot, dense environments of stellar cores is of crucial impor-
ther our understanding of collective motion in neutron mat- tance. These rates affect the evolution of the stellar cores in
ter, currently a hotly debated issue. Type Il supernova explosions and (perhaps) the light curves

How do Mean-Field Models Evolve with N/ZPe basis of the Type la supernovae used to determine the nature of
of the nuclear shell model is that the mean field and its as-the cosmic expansion.
sociated single-particle energies determine nuclear dynam-  The Site of the r-Process#About half of the heavy ele-
ics. Does this concept still apply to very neutron-rich nuclei ments are made in the r-process, yet whether the r-process
near the drip lines? If so, what are the single-particle en- occurs in Type Il supernovae, neutron star mergers, or
ergies near the drip line and how well can they be extrapo-in some other astrophysical environment is presently not
lated from the properties of nuclei near stability? There are known. Indeed, new abundance data for old metal-poor stars
several specific mechanisms that are important to quantify.indicate that there may be more than one such site. The in-
As the neutron single-particle energies approach the Fermiformation on nuclei that participate in the r-process is cur-
surface and become loosely bound in neutron-rich nuclei, rently not sufficient to accurately describe the r-process and
the orbitals become more closely spaced. This reduces thehe elemental abundances it synthesizes, or to provide de-
shell gap and sometimes allows shell inversion where thetailed information on the site of the r-process.
deformed configuration has a lower energy than the normal  the Nature of X-Ray Bursts and PulsaiEhese events
spherical configuration. This change in the shell structure oecyr in binary stellar systems involving a matter-accreting
is already known in nuclei nedr Be and*’Mg. It is not neutron star. On the surface of the neutron star, hydrogen
known whether such shell inversions exist in heavier nu- 544 helium burn via the rp- angp-process powering bursts
clei. A possible change in the spin-orbit potential in a very 44 synthesizing heavier elements that are incorporated into
neutron-rich environment is another factor that will influ- e crust of the neutron star and affect its observable behav-
ence shell gaps. ior. The rp- andap-processes proceed via proton amd
particle capture on proton-rich nuclei in combination with
BT-decays, but the rates of these processes and the masses
of nuclei around the proton drip line are not known well
gnough to make accurate predictions of energy generation
and nucleosynthesis. Electron capture rates on neutron-rich
nuclei are needed to predict the composition change of the
neutron star’s crust in these scenarios.

4 Nuclear Astrophysics

Nuclear processes underlie the creation of the elements an
the evolution of stars. They define the successive stellar
burning stages and drive the violent nova, supernova and X-
ray bursts we observe in the Cosmos. A recent summary ) )
of the role nuclear science plays in astronomy and astro-  1he Nature of the Neutron-Rich Matter Found in Neu-
physics is given in Opportunities in Nuclear Astrophysics, a {fon Stars: Measur_er_nents_ of the isospin dependence of_the
white paper based on a town meeting held at the University Nuclear compreSS|b|I_|ty will constrain the nuclear equation
of Notre Dame in June 1999 [21]. of state for neutron-rich nuclei.

There has been considerable progress toward under- The Isotopic Distribution of Cosmic Rays Arriving at
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Earth: High-energy nuclear reaction data are needed to in-  The next and most important step has to be authorization
terpret this distribution which in turn will provide clues to for a conceptual design report.
the origin and generation of cosmic rays. Acknowledgments

This paper is primarily based on the white paper on “Sci-
5 Test of the Standard Model entific Opportunities with Fast Fragmentation Beams from
the Rare Isotope Accelerator” prepared at the National Su-
Tests of the standard model and of fundamental conservaperconducting Cyclotron Laboratory with the help of my
tion laws require high precision experiments with high in- colleagues at the NSCL and many scientists around the
tensities. This is a special challenge when radioactive nucleiyorld.
are involved.
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