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1 In tro duction

This report summarizessome recent highlights and the present status of nuclear astrophysics and
evaluates its future prospects and needs.Nuclear astrophysics has developed in the last twenty years
into one of the most important sub¯elds of `applied' nuclear physics. It is a truly interdisciplinary
¯eld, concentrating on primordial and stellar nucleosynthesis, stellar evolution, and the interpretation
of cataclysmic stellar events like novae and supernovae [1]. It combines astronomical observation and
astrophysical modelling with meteoritic anomaly research and with nuclear physicsmeasurements and
theory. In fact, it is this broad scope which fascinatesresearch in nuclear astrophysics and motivates
many young researchers to start a career in this ¯eld.

The ¯eld hasbeentremendouslystimulated by recent developments in laboratory and observational
techniques. The rapid increasein satellite observations of intensegalactic gamma-sources,observation
and analysis of isotopic and elemental abundancesin deep convective Red Giant and Asymptotic
Giant Branch stars, and abundanceand dynamical studies of nova ejecta and supernova remnants
allow the placement of stringent limits on the various stellar and nucleosynthesis models. Also, the
latest developments in modelling stars, novae, X-ray bursts, type I supernovae, and the identi¯cation
of the neutrino-wind-driv en shock in type I I supernovae as a possiblesite for the r-processallow now
much better predictions from nucleosynthesiscalculations to be comparedwith the observational data.
New spectroscopiccapabilities have becomeavailable on the Hubble SpaceTelescope, and through
new large telescope facilities like the VLT and the Keck. Highlights with signi¯cant public attention
were the high redshift supernova search and its implication for the structure and dynamics of the
Universeas well as the proof of oscillations for solar neutrinos on their way from the solar core to
earth by earthbound detectors.

This solution to the solar neutrino puzzle doesnot only open the door to new physics beyond the
standard model of particle physics, it also con¯rms the predictions of the solar models including their
nuclear physics input. The latter included the measurement of the 3He(3He,2p)4He reaction cross
sections at the Gran Sassolow-energy underground facilit y. This milestone of nuclear astrophysics
constitutes the ¯rst direct measurement of a reaction rate at stellar energies.Other highlights of exper-
imental nuclear astrophysicsinclude the development and successfuluseof novel neutron-time-of-°igh t
facilities at Los Alamos and CERN, which allow to determine neutron capture crosssectionsfor the
s-processwith unprecedented precision, the high-accuracymassmeasurements of many unstable nuclei
at GSI and GANIL, the determination of more than 30 new half-lives for neutron-rich nuclei on the
r-processpath, and the precision measurements of spin-isospin responsesin nuclei at KVI Groningen
and Osaka, which are important inputs in supernova simulations and for supernova neutrino detec-
tors. A new era of nuclear astrophysics has started with the useof radioactive ion-beam accelerators
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dedicated to the measurement of astrophysically relevant nuclear reactions involving short-lived nu-
clides. After the pioneeringwork in Louvain-la-Neuve, new facilities are now operational at TRIUMF,
Vancouver, Spiral/GANIL and at Rex-Isolde/CERN. They will allow to determine someof the most
important reaction rates for the nuclear networks in novaeand X-ray bursters. The next generationof
radioactive ion-beam facilities, planned and proposedin Europe (GSI and EURISOL), in Japan and
in the USA, will then allow to produce and experiment with most of the astrophysically important
short-lived nuclides, promising to remove the most crucial ambiguities in nuclear astrophysics arising
from nuclear physics input.

In many of the astrophysical models, nuclear theory has to bridge the gap betweenexperimental
data and astrophysical applications. Here, we clearly stand at the eve of a new era as the required
step can now be taken on the basis of ¯rst-principle theoretical models rather than by empirical
parametrization of the data. This should reduce the uncertainties connectedwith the extrapolations
into yet unexplored parts of the nuclear chart in the near future, thus going timely hand-in-hand with
the experimental developments.

Nuclear astrophysics has bene¯tted enormously from the progress in astronomical observation,
astrophysical modelling and nuclearphysics. But many fundamental openquestionsremain. Given the
unique interdisciplinary nature of the ¯eld, a global understanding can only be achieved by combined
and coordinated e®orts in the three sub¯elds. Clearly, nuclear physics plays a central role in this
endeavour.

It is the aim of this manuscript to identify the needsand prospectsof experimental and theoretical
nuclear astrophysics for the next 5 years. To underline the interdisciplinary character and the sup-
plementing role of astrophysics and nuclear physics we ¯rst identify current and future developments
of astrophysical observation and modelling, which will stimulate the nuclear physics program, but
also bene¯t from it. This program is then individually described in the major sub¯elds of nuclear
astrophysics and the future prospectivesand needsare derived.

2 Stellar physics and nuclear astroph ysics

2.1 Stellar physics

Over the last decades,stellar physicshas evolved into a ¯eld of research that useshigh-precision data
obtained by new generationsof ground-basedand spacetelescopes in all wavelength bands (Fig. 1).
Another basic ingredient is provided by nuclear data and detailed numerical models to study funda-
mental physics problems under conditions not reachable in laboratory experiments. These include
the properties of neutrinos, the origin and abundancesof the chemical elements, and the evolution of
galaxiesand of the Universeas a whole.

Structure and evolution of stars. Stars are an important component of the Universeand a major
sourceof information about its structure and history. Recent activities mainly in the USA, Japan,
and Europe have focussedon the evolution of low- and intermediate-massstars and on massive stars.
Here, in particular, due to much improved telescopes and their instrumentation, stellar properties
can be measuredwith ever increasing precision. These advancesare accompaniedand completed by
realistic stellar models.

One example is the highly accurate solar model produced independently by several groups. He-
lioseismology allows to measure the sound velocity as a function of radial position, and thus the
temperature and density, to better than 1% through most of the sun's interior. The new \Standard
Solar Model", constructed on the basisof standard physics input (equation of state, nuclear reactions
and initial composition, opacities, mixing-length theory of convection, etc.), reproducesthe results of
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Figure 1: The ESO Very Large Telescope (VLT), installed at the Paranal Observatory in northern Chile, is
Europe's °agship astronomical project for the early 21st century . It consistsof four Unit Telescopes (UT1 -
4), each of which is equipped with an 8.2-m monolithic Zerodur mirror. Someof the main scienti¯c tasks of
the VLT are vested in the VLT Interferometer (VLTI) which, in addition to the UTs, also includes a number
of smaller movable telescopeswhich can be placed at various positions on the observatory platform in order to
form di®erent interferometric con¯gurations.

helioseismologyextremely well, leaving little room for changes. In fact, modi¯cations of the physics
input, including nuclear reactions, must leave this agreement untouched in order to be acceptable.
Therefore, the sun has becomea \lab oratory for fundamental physics". The recent con¯rmation of
neutrino °avour oscillations by the Sudbury Neutrino Observatory SNO [2], making use of the sun
as a well-calibrated neutrino source,is a major break-through in our basic understanding of neutrino
physics.

A secondexample concernsthe evolution of low-mass globular cluster stars [3]. Originally , the
agesof globular clusters were derived from purely theoretical reasoning. This led to the so-called
\age-problem", which seemedto suggestthat thesestars be older than the Universe. Improved stellar
models, however, have now demonstrated that these objects are younger than commonly believed.
This is in agreement with the HIPPARCOS parallax observations which have con¯rmed that globular
clusters do indeed have agesof 14 Gyr or less,in agreement with expectations from cosmology.

EDDINGTON, an ESA mission to be launched in 2007,will allow to extend high precision stellar
oscillation measurements to many stars in our cosmic neighborhood and to put the theory of stellar
structure and evolution on a much improved empirical basis. New astrometry satellites such as DIVA
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and GAIA will supply information about stellar positions and velocities that reach far beyond what
HIPPARCOS could do.

Someof the nuclear reaction rates neededfor the stellar modelsstill carry signi¯cant uncertainties
which certainly shouldberemoved in the future. Possibleconsequencesfor stellar modelsand evolution
have then to be investigated.

Nuclear abundances in stars. With the ever increasingquality of stellar atmospheremodels and
the use of new telescopes and spectrographs, detailed abundancedeterminations in individual stars
have becomean important constrain in nuclear astrophysics.

An outstanding example are the elemental (and sometimes even isotopic) abundancesobserved
in many (ultra-) metal-poor giant stars [4]. Here one avoids the complicated problem of chemical
evolution and infers constrains on nucleosynthesis sites from the observed abundancesin very old
stars sincetheir abundanceshave beenpolluted by only one or at most a few supernovae. Becauseof
their low heavy element content, in particular iron, it is relatively easyto detect un-blended spectral
lines of elements with mass-numbers exceedingeven 50 in those stars.

It hasbeenfound that a certain classof very metal-poor stars with iron abundancesof only about
10¡ 3 of the sun contains no s-processmaterial, but the r-processnuclei aresometimesover-abundant in
thesestars by up to a factor of 50 (relativ e to iron). Even more surprising, in all thesecasesthe heavy
r-processnuclei with A > 130 follow almost exactly the solar system pattern. On the other hand,
the overall elemental abundancesin thesestars appear to be non-solar, even for the main components
such as the CNO-group and ®-capture elements.

These ¯ndings leave us with a puzzle: How can it be that old stars which formed in completely
di®erent parts of our Galaxy and received heavy r-processnuclei from at most a few di®erent (nearby)
supernovae have exactly the samer-processabundanceswhich, moreover, resemble those of the much
younger sun? One possibleexplanation seemsto be that the heavy r-processis robust and produces
always the same abundances, independent of the astrophysical conditions being only governed by
nuclear physics, a very unexpected conclusion!

Stellar diagnostics and extragalactic stellar astronom y In the current era of 8 and 10 meter-
classtelescopes, it has becomepossibleto apply precisestellar diagnostics also to external galaxies.
Recently , the basicdiagnostic techniquesto analyzethe spectra of luminous blue supergiants and other
hot stars have beendeveloped. They establish new tools to study the chemical evolution of galaxies
and, in addition, provide promising newextragalactic distanceindicators. Similarly, Planetary Nebulae
can now be used as distance indicators and to investigate the structure of galaxies, or to determine
the mass-to-light ratios and dark matter content in the outskirts of galaxies[5].

In the coming years, high-resolution spectroscopy and imaging photometry by space-basedtele-
scopes will expand the astronomical data baseeven further in all wavelength bands. ESA's infrared
satellite HERSCHEL has the potential of discovering the earliest epoch of proto-galaxies. Its main
scienceobjectivesemphasizethe formation of stars and galaxies,and the interrelation betweenthem,
but also include the physicsof the interstellar medium and astrochemistry. NGST, the follow-up mis-
sion of HUBBLE, is planned for launch in 2009. It will shedlight on the \Dark Agesof the Universe"
by observing infrared light from the ¯rst generationsof stars and galaxies. XMM-Newton, already in
orbit, and XEUS, with a possiblelaunch in 2015,will give x-ray data of similar quality.

Again, the basicbuilding blocks for interpreting thesedata are stars and the gasin betweenthem.
These observations will shed light on the evolution of the chemical elements over the past 12 billion
yearsin an unprecedented way, delivering the benchmarks nucleosynthesis models will have to match.
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2.2 Late Stages of Stellar Ev olution and Neutrino Astroph ysics

For several decades,thesebranchesof astrophysics have beenvery successfulareasof research. High-
lights include the construction of realistic models of thermonuclear and core-collapsesupernovae,
detailed investigations of nuclear burning in exploding stars, and the computation of nuclear abun-
dancesof the ejecta, including those of neutron-rich isotopes of the heavy elements produced by the
r-process.

This progresswasdriven by advancesin nuclear physics(weakand strong interaction rates, nuclear
equation of state, neutrino processes),high performance scienti¯c computing (2- and 3-dimensional
hydro- and magneto-hydrodynamics, neutrino and radiation transport) advancedby the development
of new numerical tools and the ever increasing power of modern super-computers and, of course,
by new observational facts, discovered by large ground-basedtelescopes and spacemissions,such as
Compton GRO, Chandra and XMM Newton, and the Hubble SpaceTelescope. A few outstanding
examplesare reviewed in the following subsections.

Core-collapse sup erno vae and nucleosyn thesis Despite considerableprogress, the physics of
core-collapsesupernovae and their nucleosynthesis remains to be an active ¯eld of research in nuclear
astrophysics [6]. Still open questions related to the debated explosion mechanism include the inter-
action crosssectionsof neutrinos in densenuclear matter and the necessity to develop new methods
to calculate their transport, taking into account nucleon-nucleon correlations and magnetic ¯eld ef-
fects, for multi-dimensional simulations of the events [7]. The equation of state of very neutron-rich
low-entropy nuclear matter up to about ¯v e times nuclear saturation density also remains to be an
open and important problem. The new discovery of unexpected element and isotopic abundancesin
very metal-poor stars discussedearlier present yet another puzzle. However, somecon¯rmation of the
generalpicture is supplied by the detection of ° -ray lines of a few radioactive isotopesin supernovae,
supernova remnants and the distribution of 26Al in the disk of our Milky Way galaxy (Fig. 2).

Besides the progress that can be expected from advances in computer technology and high-
performance scienti¯c computing, and from the new telescopes mentioned previously, the ¯eld will
also pro¯t from the next generation of ° -ray instruments and in particular INTEGRAL, launched on
October 17, 2002. Like laboratory studies of isotopic anomaliesin primitiv e meteorites, they will pro-
vide information about in-situ abundancesof radioactive isotopes in explosive nucleosynthesis events
and, thus, about the physical conditions in their deep interiors. The next generation of gravitational
wave experiments either on ground (LIGO II, EURO, VIR GO) or in space(LISA) may allow us to
map the dynamics of a star collapsing to a neutron star or a black hole.

° -ra y bursts Neutrinos and densenuclear matter also play an important role in mergers of two
neutron stars and of a neutron star and a black hole. In theseevents, densenuclear matter is heated
to tens of MeV and most of this energyis emitted in form of weakly interacting particles. It is believed
that the annihilation of neutrinos into e+ e¡ pairs may give rise to ° -ray bursts [8] and may explain
the \w eak" sub-classof the observed bursts. Of course,state-of-the-art simulations of such mergers
have to be done in three spatial dimensionswith all the relevant micro-physicsand GeneralRelativit y
included. Similarly, the collapseof rotating extremely massive stars to black holes, thought to be the
causeof the classof very energetic° -ray bursts, requires the samekind of micro-physics.

Here a combination of optical observations of ° -ray burst after-glows, carried out by robotic tele-
scopes,X- and ° -ray observations with space-basedtelescopes,gravitational wave and, possibly, neu-
trino detections may allow us to understand thesemost powerful explosionsin the Universe.
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Figure 2: COMPTEL all-sky map of 26Al activit y. The half-life of 26Al is 7 £ 105 y. The observation of
the characteristic ° -line from the 26Al decay indicates therefore `recent' nucleosynthesis activities. Beside an
intensive ridge along the inner galaxy, a pronouncedemissionfeature in the Cygnus region and a low intensity
ridge reaching out to the Carina-Vela region are detected. Massive stars and their subsequent core-collapse
supernovae are the dominant sourcesof interstellar 26Al. (From PlÄuschke et al.; preprint astro-ph/0104047)

Thermon uclear °ashes and explosions The most interesting applications of explosive thermonu-
clear burning in binary stars are novae,X-ray bursts, and (t ype Ia) supernovae. In the caseof a nova,
the essential question is how turbulent convection interacts with nuclear fusion of hydrogenon the sur-
faceof a white dwarf star. In contrast, X-ray bursts are believed to be the outcomeof a thermonuclear
runaway on the surface of a neutron star. In both casesthe fusing matter tends to be proton-rich,
many of the nuclei involved are unstable, and their reaction rates, which drive the burning, are not or
only poorly known. The combined e®ortsof new X-ray telescopesin orbit, future radioactive ion-beam
facilities, which will allow to determine reliable reaction rates of short-lived proton-rich nuclei, and
improved numerical models certainly will lead to major break-throughs.

For type Ia supernovae, the main question is how a thermonuclear burning front, which fuses
carbon and oxygen mostly into 56Ni, propagatesin the degeneratematter of a massive white dwarf
[9]. Since the °ame front is very narrow (only a fraction of a millimeter thick), the physical problem
is very similar to that in combustion engines. As far as nuclear reactions are concerned, type Ia
supernovae are fairly well understood, with the exception of certain weak rates which, however, have
little impact on the explosion physics, but a®ectthe elemental abundancesof the ejecta.

However, thesesupernovae have attracted considerableinterest sincethey are thought to be good
tools to measurecosmologicalparameterssuch asthe expansionrate and the deceleration/acceleration
of the Universe. Observations of this particular classof supernovae at high redshift seemto indicate
that the expansionof the Universeis accelerating,possibly due to a positive cosmologicalconstant or
a new form of \dark" energy (Fig. 3). But currently , our understanding of the supernova physics is
the major systematicuncertainty of this result. Only oncewe understand the physicsof the explosions
will we be able to assesswhether supernovae can reliably be usedas distance indicators, and whether
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Figure 3: Constrains for the matter density ­ m and the cosmologicalconstant ­ ¤ of the Universe from the
combined BOOMERANG and MAXIMA-I anisotropy measurements of the Cosmic Microwave Background (in
blue) and from the observations of high-redshift supernovae. A consistent solution is obtained for a universe
consisting of lessthan 30% of dark matter, between60 and 70% dark energy, and 3 to 4% baryons only. (From
Ja®eet al., Phys.Rev.Lett. 86 (2001) 3475-3479)

we have to search for new physics beyond the standard models of particle physics and cosmology.

Neutron stars Neutron stars are unique \cosmic laboratories" in which our theories of densenu-
clear matter at densities exceeding1015 g/cm3 are used to construct stellar models and can then be
confronted with astronomical observations. Observations by radio telescopes led to discovery of 1400
radio pulsars, which are rotating magnetizedneutron stars. Hundreds of neutron stars are observed
as compact X-ray and gamma-ray sources(X-ray pulsars, X-ray bursters, soft gamma repeatersetc.).
Recently launched X-ray and gamma-ray observatories, such as RXTE-Rossi, AXAF-Chandra, and
XMM-Newton have led to many remarkable discoveries: the kHz oscillations in low-massX-ray bina-
ries, numerousneutron stars in the type I I supernova remnants, precisespectra of the surfaceradiation
of solitary and binary neutron stars, and bursting millisecond pulsars. The number of observed neu-
tron stars doubled in the last 5 years,and will soon reach two thousand. Still, this is a tiny fraction
of the 108 neutron stars expected to exist in our Galaxy.

Precisemassdeterminations of neutron stars in binary systemsare known sinceseveral years, the
most famousbeing the Hulse-Taylor binary pulsar PSR 1913+16, for which the massesof both neutron
starsareknown to better than a few %. However, recent studiesof the spectral and temporal properties
of X-ray bursts observed from objects such as Cygnus X-2 with RXTE-Rossi allow for the ¯rst time
to obtain also a reliable determination of the mass-radiusrelation of neutron stars. Similarly, masses
and radii of nearby isolated X-ray sourcessuch as RX J185635-3754can be determined from their
multi-w avelength spectral energy distribution. Finally, the near-constancyof the highest observed
frequenciesof the quasi-periodic oscillations of low-massX-ray binaries, interpreted as being due to
the orbital frequencyof a marginally stable orbit, givesstrong constrains on both massesand radii of
their compact companions. All theseobservations and their interpretation will put our knowledgeof
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the properties of neutron stars on a ¯rm empirical basis.

Nuclear physicsshould try to explain the observedproperties of neutron stars: this is our challenge.
On the other hand, observations of neutron stars can be usedto test and to constrain nuclear theory
under extremeastrophysical conditions, which are far from the laboratory ones: theseare our chances.

3 Hydrostatic burning

3.1 Nuclear pro cesses during hydrostatic burning

Stars generate the energy, which allows them to stabilize and shine over lifetimes from millions to
billions of years,by nuclear reactionsin their interior. Simultaneously, the network of nuclear reactions
operating in the hot, densestellar interior is believed to be the sourceof nuclidesof massA ¸ 12. The
fate and evolution of stars depend strongly on their massat birth. Stars with masseslessthan » 8M ¯

reach temperature and densities in the center which only su±ce to ignite the ¯rst two hydrostatic
burning stages,hydrogen and helium burning. Mainly becauseof their enormously shorter lifetimes,
massive stars (with massesexceedingabout 13 M ¯ ) were, and are still, the most e±cient breedersof
the heaviest elements. After helium burning, thesestars go through periods of carbon, neon, oxygen,
and silicon burning in their central core, before the processionof nuclear core burning stagesceases,
resulting in the collapseof the stellar core and the explosion of the star as a Type I I supernova.

Obviously, the star for which the best and most detailed data exist is our sun. Thus, it is natural
that our general understanding of stellar structure and evolution be checked in detail against solar
observations. Historically an outstanding role hasbeenplayed by the detection of the neutrinos, which
are generatedby the various hydrogen burning chains operating in the sun's interior, and the quest to
understand why the observed °ux of solar neutrinos is lessthan predicted by the standard solar model.
The solution to this famoussolar neutrino puzzlewasdeliveredby the Sudbury Neutrino Observatory
(SNO) which experimentally proved the existenceof oscillations for solar neutrinos [2]. Furthermore,
the SNO measurements, together with the high-precisionhelioseismologydata, con¯rm the predictions
of the solar models and their nuclear physics inputs. This, however, doesnot mean that more precise
determinations of the solar nuclear reaction rates are no longer needed. On the contrary , the aim is
now to turn the sun into a calibrated neutrino sourcewhich allows us to convert the measuredsolar
neutrino event rates into information about neutrino massesand mixing parameters. This requiresan
even more preciseknowledgeof the various nuclear reaction rates in the sun!

The determination of stellar fusion rates in terresterial laboratories is strongly hampered by the
fact that stars, including our sun, burn their nuclear fuel at such low energiesthat the crosssections,
due to the Coulomb repulsion of the two colliding nuclei, are extremely small. To measuresuch cross
sectionsrequires acceleratorswith very high intensities and a very e±cient background suppression.
Despiteenormousexperimental e®ortsin the last decades,a direct measurement of stellar crosssections
has beennearly impossible,and data, obtained at higher energiesthan those neededin stars, have to
be extrapolated down to the stellar energy range. Such a procedurecan obviously have considerable
uncertainties. To reduce these uncertainties or to circumvent the notorious extrapolation procedure
at all, considerablee®ortshave been spent in recent years to push the experimental limits to lower
and lower energiesand, simultaneously, to develop new indirect approachesto determine the required
rates at stellar energies.

The underground LUNA laboratory at the Gran Sassois an extremely background free facilit y
dedicated to the measurement of astrophysically important low-energy nuclear crosssections. As a
milestone, it hasbeenpossibleat LUNA [10] with the original 50 kV acceleratorto directly determine
the rates of the 3He(3He,2p)4He and d(p,° )3He reactions at those energiesat which these reactions
operate in the core of the sun (Fig. 4). Following the recommendationsof the last NuPECC report,



9

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Figure 4: Reaction crosssections,expressedin terms of the astrophysical S-factor, for the 3He(3He,2p)4He and
d(p,° )3He reactions. It has beenpossibleat the underground laboratory LUNA to directly measurethesecross
sectionsat solar energies(solar Gamow peak).

a new 400 kV accelerator, which will be dedicated solely to the study of astrophysically important
fusion reactions, has recently been installed. This machine is presently used for the measurement of
the 14N(p,° )15O crosssection, which is important for the knowledgeof the neutrino °ux generatedby
the solar CNO cycle. Direct measurements of total crosssectionsat energiesdown to 70-80keV will
soon be possible.

LUNA will determine the fusion rates of other key-reactionsin quiescent stellar burning with signif-
icantly improved precision. A prominent exampleis the 3He(4He,° )7Be reaction rate which is directly
proportional to the °ux of the high-energy 8B neutrinos from the sun and henceis essential for the
analysisof the observed solar neutrino °uxes in terms of neutrino massesand mixing parameters. De-
tailed studiesof many reactionsof the NeNa and MgAl cycles,which operate during hydrogenburning
in stars more massive than the sun, should be performed. In particular, a precision measurement of
the 25Mg(p,° )26Al crosssection can contribute to the solution of the astrophysical origin of 26Al. In
the future, the installation of a high-current 5-MeV accelerator in the LUNA laboratory is desired.
Among other important reactions,such a machine would allow the precisionmeasurement of the rates
for the 13C(®,n)16O and 12C(®,° )16O reactions, where the ¯rst is important for studies of s-process
nucleosynthesis.

The fusion of 4He and 12C nuclei to 16O is the most important nuclear reaction in the development
of massive stars. It occurs during the helium burning stage of Red Giant stars and its reaction rate
decisively in°uences the subsequent stellar evolution, including the core collapseand the supernova
explosion. Furthermore, this rate determinesthe abundancesof the two brickstonesof life, carbon and
oxygen, in the Universe. Despiteenormouse®ortsand signi¯cant progressmadein several laboratories
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around the world in measuring the relevant low-energy elastic and capture crosssections,the stellar
12C(®,° )16O rate is still not known with the required accuracyof ¼ 20%. Further improved measure-
ments are needed. Besidesdirect measurements with a future 5-MeV accelerator at LUNA down to
energiesof about 500 keV (which is still higher than the energy of 300 keV, at which this reaction
burns most e®ectively in Red Giants), crucial information to reduce the uncertainty in the rates can
come from measurements in inversekinematics or via indirect techniques like Coulomb dissociation
or using high-intensity photon sources.

The determination of low-energycrosssectionsfrom the observed reaction yield requiresa precise
knowledge of the e®ective beam energy. Energy loss e®ectsin the target as well as screeninge®ects
of the target and projectile electrons (seebelow) on the reaction crosssection have to be well under
control. This is particularly important as such e®ects,if inaccurately corrected, will be ampli¯ed in
the required extrapolation of the data to stellar energies. Recently , unexplained e®ectshave been
reported in the low-energy measurements of stopping powers and electron screening. It is important
that these e®ectsare con¯rmed and understood, requiring for example precision measurements of
stopping powers at energiesbelow the Bragg peak.

In recent years several indirect methods, which can avoid some of the apparent di±culties en-
countered in the direct approaches to determine astrophysically important low-energy crosssections,
have beenproposedand developed. In the Coulomb dissociation method, which can be viewed as the
inverse of a capture reaction, a nucleus is dissociated by the virtual photons created in the strong
Coulomb ¯eld of a heavy nucleus. Supplemented by considerabletheoretical progressin modelling the
3-body process,Coulomb dissociation experiments have contributed to reducethe uncertainty in the
solar 7Be(p,° )8B fusion rate. Although this method can only provide partial information about the
capture process;i.e. it can only determine the radiativ e capture crosssection to the ground state of
the compound nucleus,there are several astrophysically interesting reactionswhere this technique can
provide valuable data, in particular if it can be applied to short-lived radioactive ion-beams.

The Coulomb dissociation method or the recently developed intensereal photon sourcesalsoallow
inverse studies of fusion reactions involving three particles in the entrance channel like the triple-
alpha reaction 4He+4He+4He! 12C, occuring as the ¯rst step in helium burning in Red Giants, or the
4He+4He+n! 9Be reaction, which determinesthe dynamical °ow to heavier nuclei in the neutrino-wind
scenarioof the r-process. First promising results have already been obtained for the later reactions.
Future applications should include studies of the 4He+2n ! 6He reaction, or once radioactive ion-
beamsare available, the 2p-capture reactions on several rp-processwaiting points. Important data
to derive the crosssection for 3-body fusion reactions can also be obtained by indirectly populating
relevant reaction states in ¯ -decays, again requiring the availabilit y of radioactive ion-beam facilities.

For certain non-resonant radiativ e capture reactions, the capture processoccurs at such large
separations of the fusing particles that the reaction can be viewed as an external processwhich is
solely determined by the asymptotic behavior of the nuclear wave functions in the initial scattering
and in the ¯nal bound state. Then, the only unknown required to determine the astrophysically
important low-energy cross section is the asymptotic normalization coe±cient (ANC) of the ¯nal
bound state, which can be indirectly determined in properly chosen peripheral transfer reactions.
Such an approach, called the ANC method, has beenrecently developed and was successfullytested
and applied to several astrophysically interesting reactions[11], including the proton capture reactions
on 16O leading to the ground and the ¯rst excited state of 17F, and the 12C(n,° )13C reaction, using
the 16O(3He,d)17F and 12C(d,p)13C transfer reactions, respectively, to experimentally determine the
ANC. The dependenceof the approach on the chosen transfer reactions were investigated for the
13C(p,° )14N and 7Be(p,° )8B reactions and a sensitivity of the results on the chosenoptical potential
parametrization of the transfer reaction wasobserved. This aspect requiresfurther studiesand will be
crucial, if the ANC method is to be applied to unstable nuclei for which the necessaryoptical model
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parametersare not known and have to be determined by suitable experiments at radioactive ion-beam
facilities.

In the Trojan Horse (TH) method, an astrophysically relevant reaction a(A,B)b is studied via a
three-body reaction x(A,Bb)c, in which the projectile x is well clusteredinto x=c+a. For appropriately
chosenincident beamenergies,the 3-body reaction can be viewed asa quasi-freebreak-up mechanism,
in which the cluster c behaveslikea spectator and doesnot a®ectthe interaction betweenthe fragments
a+A. Under such conditions the desireda(A,B)b crosssection can be deducedfrom the measured3-
body reaction yield. By properly balancing the Fermi motion of the cluster `a' in the nucleusx with
the incident beamenergy, which can be chosenabove the respective Coulomb barrier, the TH method
is able to measurefusion crosssectionsat very low energies.Supplemented by important theoretical
developments of the underlying 3-body reaction mechanism, the TH method has been successfully
applied to the 6Li(d, ®) and 7Li(p, ®) reactions[12] and holds somepromisefor future applications (Fig.
5). One advantage of the TH approach is that it determinesthe crosssectionbetweenbare nuclei and
is, unlike direct measurements of the a(A,B)b reaction, not in°uenced by screeningenhancements due
to the presenceof projectile and/or target electrons. The reported screeningenhancement for most
reactions studied so far are noticeably larger than theoretically expected. However, it has to be noted
that these enhancements are usually deducedwith respect to an experimentally yet unknown cross
sectionfor bare nuclei which hasbeenderived by extrapolation from data at higher energiesand might
thus carry someuncertainty. With its abilit y to measurethe cross section for bare nuclei, the TH
method can play a key-role in unravelling the disturbing di®erencebetween observed and expected
electron screeninge®ects. Clearly the clari¯cation of this discrepancyneedsmore experimental and
theoretical work. Such studies might also help to improve our understanding of electron screening
e®ectsin stellar plasma, which, once the proposedaccurate measurements of nuclear crosssections
are achieved, represent the largest uncertainties of the respective stellar rates.

3.2 The s-Pro cess

For the last decades,much work has beendevoted to the slow neutron-capture process(or s-process)
which synthesizesheavy elements by a sequenceof neutron captures and ¯ -decays, mainly processing
material from seednuclei below and near the iron peak into a wide range of nuclei extending up to
Pb and Bi. As the involved neutron capture times are usually signi¯cantly longer than the competing
¯ -decays, the s-processpath runs along the valley of stabilit y in the nuclear chart. This allows the
laboratory determination of the involved neutron capture cross sections and half-lives, making the
s-processthe probably best understood nucleosynthesis network from a nuclear physicspoint of view.

However, the main uncertainties in s-processpredictions are still associated with the presently
favored stellar sites. According to our current understanding, two s-processcomponents are neededto
reproduce the observed abundances. The 22Ne(®,n)25Mg reaction, which occurs during helium core
burning of CNO material in massive stars (heavier than 10M ¯ ), is believed to supply the neutrons for
the weak component that producesthe nuclides with A < 90. Helium-°ashes followed by hydrogen
mixing into the 12C-enriched region in low and intermediate mass(< 10M ¯ ) AGB stars are believed
to be the site of the main s-processcomponent that builds up the heavy elements up to the Pb and Bi
range. As suggestedby recent AGB models, which include di®usive overshoot and rotational e®ects,
protons are partially mixed from the H-rich envelope into the C-rich layersduring the third dredge-up
and are then captured on 12C, which provides the fuel for producing 13C via 12C(p,° )13N(¯ ; º )13C. The
subsequent 13C(®,n)16O reaction is consideredto be the principal neutron sourcefor the main s-process
component. These models predict that low-metallicit y (Z · 0:002) AGB stars should exhibit large
overabundancesof Pb and Bi ascomparedto other s-elements. The discovery of such 'lead stars' (very
low-metallicit y stars enriched in s-elements and characterized by a large Pb overabundancecompared
to any of the other s-elements Ba, La or Ce) has been reported very recently . This discovery may
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Figure 5: Comparison of directly measured astrophysical S-factors (open circles) for the 7Li(p, ®)4He and
6Li(d, ®)4He reactions with data obtained using the novel Trojan Horse method (full circles). While for di-
rect measurements the cross sections are enhancedby electron screeninge®ectsat low energies,the Trojan
Horse method is una®ectedby such e®ectsand promises to be also a useful tool to unravel the disturbing
di®erencesbetweenobserved and expected electron screeningenhancements.

be the s-process\Rosetta stone" which validates the `proton-mixing' scenarioin AGB stars and also
givesa clear indication that the s-processalready took place early in the Galaxy.

Although the nature and extent of the convective processesas well as the low energy reaction
crosssection for 13C(®,n) are largely unknown, our understanding of the nuclear mechanisms which
are responsible for the production of the s-nuclei can be regarded as quite satisfactory, re°ecting
major experimental and theoretical e®ortsand progressin the last decade. As a highlight, a recent
measurement has strongly reduced the uncertainties in the stellar 22Ne(®; n) 25Mg cross section.
However, due to the importance of this reaction as a main neutron source, further e®ort via direct
and indirect (e.g through (n; ®) on 25Mg) approaches is still highly desirable to reducethe remaining
uncertainty.

S-processsimulations require the knowledge of a large number of stellar neutron capture cross
sectionsat typical energiesof 10 <» kT <» 50 keV on targets in the 12 · A · 210 massrange. Much
dedicatedexperimental work, in particular in university laboratories, has led to a substantial improve-
ment in our knowledge of relevant (n,° ), (n,p) and (n,®) cross sections. In particular, the neutron
capture crosssectionon the rarest stable nucleusin nature 180Ta hasrecently beenmeasured.Further-
more, it hasexperimentally beendemonstratedthat the short-lived ground and the long-lived isomeric
state of 180Ta can be equilibrated at stellar temperatures in excessof about 4 108 K, changing the
e®ective half-life of 180Ta by 15 orders of magnitude. These di±cult experiments are of particular
relevanceto our undertanding of the possibles-processcontribution to the galactic 180Ta enrichment.

However, some neutron capture cross sections, in particular those for unstable nuclei on the
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s-process path, are not yet determined with the required accuracy, especially at the energiesof
kT ' 10 keV relevant for the s-processin AGB stars. The new unique neutron time-of-°igh t facilit y at
CERN with its high neutron °uxes is expected to strongly improve the experimental determination of
radiativ e neutron capture crosssections. One of the ¯rst astrophysically relevant experiments at this
facilit y will determine the capture crosssection on the Os isotopes, which is of particular interest in
the Re-Os cosmochronometry. A closeinvestigation of neutron capture reactions on long-lived beta-
unstable neutron-rich isotopesis particularly important, as thesenuclei represent potential branching
points in the reaction path. Detailed analysis of the observed s-processabundance distribution in
conjunction with neutron capture and beta decay data on these branching point nuclei provide im-
portant information about the temperature, density, and neutron-°ux conditions at the s-processsite.
Neutron capture measurements on branching point nuclei like 79Se,85Kr, 107Pd, 135Cs, 147Pm, 151Sm,
155Eu, 170Tm, 186Re, 204Tl, and 193Pt therefore o®er a unique tool for testing the stellar s-process
models. The determination of the relevant beta-decay rates can, however, be much complicated by
the fact that thermally excited nuclear states might change the stellar half-lives signi¯cantly . With
the exception of isomeric states, the half-lives of excited states cannot easily be measured,and the
complexity of the nuclear structure makes the prediction of the required ¯ -decay matrix elements a
real challenge for nuclear theory. A special ¯ -decay mechanism, referred to as bound-state ¯ -decay,
can play an important role for ionized atoms, and signi¯cantly a®ectthe production of somespeci¯c
s-nuclides. The remarkable experimental observation of the bound-state ¯ ¡ decay of the fully ionized
187Re atom achieved at the GSI in Darmstadt has been a important step in the reduction of the
uncertainties associated with the galactic Re-Oschronometry.

4 Supernovae and dense ob jects

Simulating core-collapsesupernovae has beenat the forefront in astrophysics for several decadesand
the generalpicture is now well developed [7]. There is a consensusthat neutrinos play an essential role
in the supernova mechanism. Therefore the development and incorporation of multi-group (i.e. neu-
trinos of di®erent °avors and energies)Boltzmann neutrino transport into the one-dimensionalmodels
has beena major recent achievement; a similar treatment in multi-dimensional collapsesimulations,
which currently consider neutrino transport rather crudely, is computationally extremely demand-
ing and remains a major challenge for the next generationsof supercomputers. Despite signi¯cant
progress,one-dimensionalcollapsesimulations currently fail to explode. Does this imply that some
of the microphysics ingredients of the models are incorrect and need improvement or do supernova
explosionsrely on three-dimensional e®ectssuch as convection or rotation? This fundamental ques-
tion is still open. Much of the relevant microphysics relates to weak-interaction processesin nuclei
and nuclear matter under extreme conditions (density and temperature), but also uncertainties in
the nuclear equation of state (EOS) might prove to be essential. The latter also plays a major role
in the description of neutron stars, which are generally viewed as the laboratory for nuclear physics
under extreme conditions. Progressin computer technology, the development of new and advanced
many-body models and, probably most importantly , the new era of experimental facilities promise to
reducethe nuclear-physics related uncertainties in supernova simulations and neutron star models.

4.1 Nuclear input for core-collapse sim ulations

After the formation of an iron core in its center, a massive star has run out of nuclear fuel to coun-
teract gravit y. The core starts to contract and becomesunstable against electron capture due to the
associated increasein electron chemical potential. Electron captures cool the core, as neutrinos carry
away energy, but alsoreducethe electron degeneracypressurewhich counteracts the contraction. Both
e®ectsacceleratethe collapse. Furthermore, the core composition is driven to more neutron-rich and
heavier nuclei.
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Figure 6: Spectrum of the reaction 51V(d, 2He)51Ti at 170MeV incident energymeasuredat the AGOR cyclotron
at the KVI in Groningen showing a number of strong GT transitions. The experimental resolution is 140 keV.
The lower part shows the results from TRIUMF using the (n,p) probe where the resolution was typically of
order 1 - 1.5 MeV (full data points). The bars (not to scale) indicate the results of the shell model calculation,
which, after folding with such resolution, yields the full curve. The good experimental resolution in the (d,2He)
case(upper part) now allows a highly detailed comparison with theoretical calculations. The location of the
GT centroid from the FFN parameterisation is also indicated.

Under collapse conditions, electron captures are dominated by Gamow-Teller (GT) transitions.
With recent advancesof nuclear many-body models, relevant capture rates have beenevaluated on the
basisof large-scaleshell model diagonalization and experimental data, whereever available, for nuclei
with A · 65 and of a hybrid model (Shell Model Monte Carlo plus Random PhaseApproximation) for
A » 65¡ 100. The results arequite distinct from the phenomenologicalinput, which hasconventionally
been used in collapse simulations and which is based on an intuitiv e parametrization of the GT
resonanceenergiesand strengths, and on the experimental data available at the time when Fuller,
Fowler and Newman (FFN) performed their seminal work [13]. The consequencesfor the so-called
presupernova models, which study the collapseuntil the core reaches a density of about 1010g/cm3

and neutrino transport becomesan important ingredient, are signi¯cant. Interestingly, ¯ -decays can
compete with electron captures for a short period during silicon burning, adding an important cooling
source. Implications for the ¯nal collapse,where electron captures on nuclei have been treated very
crudely, are currently being explored.

Given the importance of weak-interaction processesduring the collapse, a strong and dedicated
experimental program to test and give credibilit y to the new shell model calculations is therefore war-
ranted. Experimentally , GT transitions can be studied using intermediate nucleon-nucleusscattering
at low momentum transfers. In the GT ¡ direction (important for ¯ decays) this goalhasbeenachieved
through (p,n) and (3He,t) charge-exchange reactions. On the other hand, the determination of the
B(GT + ) strength, asrequired for electron captures, is considerablymore di±cult. The neutron beams,
which were used in the pioneering (n,p) experiments at TRIUMF, were secondarybeamsproduced
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through the 7Li(p,n) reaction, and typical valuesfor the resolution obtained in theseexperiments were
on the order of 1 MeV. Further, the low intensities and low detection e±cienciesrequire thick targets,
which makes a study on rare isotopes (lik e e.g. the odd-N nuclei) prohibitiv ely expensive. More
recently , secondarytriton beamsat su±ciently high energieshave becomeavailable, which allow the
study of GT+ transitions rather competitiv ely through the (t, 3He) reactions. Another and potentially
even more powerful tool to explore the spin-isospin-°ip transitions in the GT + direction is the (d,2He)
reaction. Here 2He denotesa two-proton unbound state in the 1S0(pp), T=1 channel.

A major development step for (d,2He) experiments was recently achieved by a group at the KVI
Groningen who demonstrated that a resolution on the order of 150 keV can readily be obtained with
their spectrometer equipment [14].

In the case of vanishing momentum transfer, the (d,2He) reaction proceedsthrough the same
¾¿ part of the e®ective interaction as in the (n,p) caseand the measuredcross section is directly
proportional to the B(GT + ) strength. The equivalence of the (n,p) and the (d,2He) reactions has
recently been demonstrated by a detailed comparison with the (p,n) reaction on the self-conjugate
nuclei 12C and 24Mg. The study of the (d,2He) reaction for heavier nuclei, like those in the pf-shell, is
now successfullyunderway. A recent spectrum for the reaction 51V(d, 2He)51Ti is shown in Fig. 6 and
contrasted with what was previously possibleusing the (n,p) probe. The present energy resolution
of about 150 keV (FWHM) allows a rather detailed comparison with theory up to individual levels.
An extensive experimental program, using the promising GT + probe, will not only supply direct
information about speci¯c GT + transitions and energies,which can be used in the electron capture
rate evaluations, it will also detect possibleshortcomings in the shell model residual interaction and
henceindirectly improve the rate compilations. Data which are of paramount importance include GT
strength distributions for odd-odd nuclei and odd-A odd-N nuclei, for which the shell model predicts
the GT+ strength to residesystematically higher in excitation energy than parametrized in the FFN
compilations. These systematic di®erencesare often ampli¯ed to more than an order of magnitude
di®erencesin the capture rates. Clearly this situation warrants clari¯cation.

In the later stageof the collapse,the matter composition involvesmany nuclei with proton numbers
Z < 40 and neutron numbers N > 40, for which GT + transitions in the simple independent particle
model are completely blocked. Here it is essential to know how strongly thermal excitations and
correlations, which mix the (fp) and (gds) orbitals, provide an unblocking of the GT + strength. An
experimental program must be therefore extended into this massrange.

Clearly someessential and much neededinformation can be obtained with charge-exchangeexper-
iments on stable nuclei. However, many unstable neutron-rich nuclei are quite abundant in the core,
particular during the ¯nal collapse. To obtain theseGT + data, requires the availabilit y of radioactive
ion-beamsand charge-exchangeexperiments using inversekinematics.

We mention that dedicated ¯ decay measurements, also involving unstable nuclei, are important.
For one, they can supply relevant information about low-lying transitions which are often decisive for
the stellar weak-interaction rates at the onset of the collapse,and further, they deliver data against
which charge-exchangemeasurements can be comparedwith or normalized to.

During the collapse,electron capture processesproduce º e neutrinos in the energyrangeof MeV's
to tens of MeV. The role neutrino-nucleusreactions play is not fully explored. While charged-current
(º e; e¡ ) reactions are strongly Pauli-blocked due to the large electron chemical potential, inelastic
neutrino-nucleus scattering may compete with inelastic neutrino-electron scattering as the energy-
exchangemechanismto thermalize the neutrinos in the core. Reliableestimatesof (º ; º 0) crosssections,
which can be enhanced signi¯cantly due to ¯nite temperature, require the knowledge of the GT
and ¯rst-forbidden isovector spin-dipole response, where the ¯nite-temp erature e®ectsare mainly
sensitive to the detailed distribution of the GT 0 strength. Due to the potential importance of inelastic
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Figure 7: The photon radiation of the neutron star in the supernova remnant 3C58, born in AD 1181, and observed
by AXAF-Chandra. The results were published in April 2002. This youngest observed neutron star is too cold to be
explained by a standard cooling scenario. Courtesy of NASA.

neutrino-nucleus scattering, systematic theoretical estimates for these reactions should be made and
an experimental program to test and improve the theoretical estimates is needed.

4.2 W eak-in teraction pro cesses in hot, dense matter

Neutron stars (NS) are formed in the center of massivestarsduring their supernova explosion. Herethe
matter temperature can exceed1011 K, making the EOS of hot, densematter and neutrino transport
(opacities) crucial ingredients for NS births and supernova explosionmodels [15]. Calculations of the
EOS and neutrino opacities under such conditions have to be improved by using more realistic strong
interactions, which, in particular, include the e®ectsof tensor correlations among nucleons. If one
considersthat about 99 % of the energy releasedin the explosion is carried away by neutrinos and
that only a tiny » 1% fraction of this energymust be transferred by neutrino absorption on nucleons
to matter behind the stalled shock wave to achieve a successfulexplosion, then it is quite obvious that
neutrino transport in hot, densematter is of paramount importance for reliable supernova models.

Weak interaction processesaccompaniedby neutrino emissionare responsible for the cooling of
neutron stars during the ¯rst 105 years of their life. An improved description of such processes,
based on more realistic strong interactions and considering the in-medium renormalization of the
weak interaction, is necessary. The e®ectsof nucleon super°uidit y on NS cooling should further be
studied. Forthcoming observations of cooling neutron stars at known distanceand agewill be decisive
for constraining the theoretical models. Also the discovery of young neutron stars of known agewould
be of great importance, as they can supply convincing arguments for the presenceof non-standard
neutrino-emission processes(direct Urca with nucleons, pion or kaon condensates,or maybe even
quark matter) in neutron-star cores(seeFig. 7).

4.3 Neutron star mo dels

Current models divide the interior of a neutron star into two regions- the crust and the core [16, 17].
The crust, forming the outer layer of » 1 km thickness,contains atomic nuclei immersed in a dense
electron gas,and, above the neutron-drip point at densities½» 5£ 1011 g=cm3, also in a neutron gas.
At the bottom of the crust the density reaches ½» 1014 g=cm3, and only a few percent of nucleons
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Figure 8: The arrow points to the solitary neutron star RX 185635-3754at 120pc from the Earth. The measurement of its
photon spectrum by several spacedetectors (AXAF-Chandra, Hubble SpaceTelescope, IUE) enabled the determination
of its radius. In spring 2002, a heated debate started on whether it is a quark star. Seealso Fig. 9. Courtesy of NASA.

are protons. Under the crust lies the liquid core. For nuclear densities around ½» 3 £ 1014 g=cm3

it consists of a plasma of neutrons with a few percent admixture of protons and electrons. With
increasingdensity, muons and hyperonsare expected to appear in the matter. The central density of
neutron stars can be as high as (5 ¡ 10) times nuclear densities. This makestheoretical models rather
uncertain. Someof thesemodels predict that the inner core of neutron stars consistsof kaon or pion
condensates,or even of quark matter. It will be one of the major challengesto test thesepredictions
in the future.

The outermost layer of a neutron star is called the outer crust. It is composedof neutron-rich nuclei
immersedin a denseelectron gas. Thesenuclei, which are beta-unstablein the laboratory, are stable in
densematter due to the Pauli-blocking of the ¯nal electron states by the degenerateelectron gas. For
matter densities½< 1011 g=cm3 the outer crust is expected to contain nuclei which can be studied in
the laboratory. Of particular interest is the doubly-magic nucleus 78N i which is expected to be quite
abundant at densities ½' 1011 g=cm3, found in the outer crust some300 m below the neutron-star
surface. Therefore, experimental and theoretical studiesof this and the neighboring nuclei are of great
interest. Nuclei, present at higher densities (depth), have to be described by nuclear-massformulae.
More reliable massformulae at Z=A ' 0:3 are essential for the correct modelling of the bottom layers
of the outer crust. The structure of the outer crust, and in particular its matter composition, is
essential for the correct interpretation of surfacetemperature data of cooling neutron stars, obtained
form X-ray observations.

The structure of the inner crust, in which very neutron-rich nuclei are immersed in a neutron
gas, can only theoretically be calculated. New and more reliable e®ective nuclear interactions as
well as e±cient and precisemany-body simulations are neededto improve models of this part of the
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Figure 9: The so-called \radiation radius" (or \apparen t radius") R1 , as measured by a distant observer, versus the
neutron star mass M , for several theoretical Equations of State of dense matter. The dashed strip corresponds to
precisely measured massesof neutron stars. The long-dashed-dotted line is an absolute lower-bound on R1 at a given
M which is a consequenceof space-time curvature around the neutron star. The short-dashed line, which allows for very
low values of R1 , corresponds to strange (quark) stars. Notice that R1 cannot be smaller than 11 km for ordinary
neutron stars. Sensational reports in April 2002 claimed that RX 185635-3754has the apparent radius smaller than 8
km (and is therefore a low-mass quark star); however, this result was questioned later. Courtesy of P. Haensel.

crust, which is important for the understanding of phenomenalike the glitchesin radio-pulsar timing.
Particularly important here is the determination of the structure of the crust-core interface and of
the interaction of super°uid neutrons with nuclei forming a crustal lattice. These two aspects are
currently treated rather crudely in neutron star models. While the knowledgeof the EOS of the crust
is relatively good, the uncertainties in the actual crust composition (pure or heterogeneous),which
dependssensitively on the kinetics of its formation, are still large.

The core of the neutron star is expected to contain some95¡ 98% of its mass. The core EOS is
essential for the neutron-star structure, and in particular for the determination of the maximum mass
for neutron stars, M max ; compact objects with M > M max then have to be black holes. The knowledge
of the core composition and the EOS above twice nuclear densities becomesincreasingly worse with
increasing density and is clearly insu±cient at 5-10 times nuclear densities. Up to now, the most
reliable existing EOS of the core were derived assumingthe simplest possiblecomposition (neutrons,
protons, electrons,muons) and using the best realistic nucleon-nucleoninteractions supplemented with
phenomenologicalthree-body forces. These EOSs predict a maximum neutron star mass M max =
(1:9¡ 2:2) M ¯ . State-of-the-art many-body theorieswith the best existing N-N interactions should be
implemented to narrow the ambiguities of the present EOSs,taking advantage of the impressive power
of the forthcoming computing facilities. The role of the three-body and four-body forces as well as
of relativistic e®ectsin the many-body problem must be clari¯ed. Studies of the impact of hyperons
on the EOS should be continued, including the extension of the nucleon interactions to the hyperon
sector. However, the progressis here to a large extent limited by poor experimental knowledgeof the
hyperon-nucleon and hyperon-hyperon interaction.

The development of a reliable core EOS can bene¯t signi¯cantly from heavy-ion collision experi-
ments, which probe the EOS of densehadronic matter, albeit under di®erent physical conditions than
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those in neutron star cores.

On the observational side, new determinations of NS massesin binary systems,and in particular
more precisemeasurements of massesin the range (1:6 ¡ 2:0) M ¯ (measuredin someX-ray binaries)
could shedlight on the actual value of M max for neutron stars and would put severeconstrains on the
hyperon-nucleon interactions in densematter, which are decisive for the thresholdsat which hyperons
appear in densematter. The NS radius is very sensitive to the EOS. Calculations show a correlation
of neutron star radii with neutron radii of heavy nuclei; precision measurements of such radii for lead
isotopesmight be quite helpful. The observational determination of NS radii hasjust begun,but holds
great future potential. The measurement of radii of neutron stars with M = (1:0¡ 1:6) M ¯ will allow
the determination of the EOS at two-three times nuclear densities,and puts severe constrains on the
theory of nuclearmatter at supranucleardensities(Figs. 8, 9). Wenote that the neutron star structure
is also important for the shape of gravitational wavesemitted at the ¯nal stageof the coalescenceof a
neutron star - neutron star binary, which is consideredas the most promising astrophysical sourceof
gravitational radiation searched for by the gravitational-w ave detectorswhich will becomeoperational
in this decade.

Di®erent modelspredict the existenceof quite exotic phasesof densematter in neutron stars (pion
and kaon condensates,quark matter). Therefore experimental searches for the precursors of phase
transitions in densenuclearmatter, asthey might beproducedin heavy-ion collisions,areof paramount
importance. A possiblecandidate is the enhancement of the K ¡ yield observed in heavy-ion collisions
at the GSI. Such experimental e®orts have to be extended. Observational signatures for a phase
transition in the NS core can be deducedfrom anomaliesduring spin-down or from abnormally small
pulsation frequenciesor radii. There is generalconcensusthat the observation of a stellar \apparent
radius" smaller than 11 km will be a reliable proof that strange quark stars built from decon¯ned
self-bound quark matter exist (seeFigs. 8-9). Further important constrains come from experiments
at CERN and RHIC searching for the quark-gluon plasma and, in particular, for stable or metastable
strange-matter.

5 Explosiv e burning

5.1 The p-pro cess

It is now well acceptedthat the production of the stable neutron-de¯cient isotopes of the elements
with charge number Z ¸ 34 (classically referred to as the p-nuclei) occurs in the oxygen/neon layers
of highly evolved massive stars during their pre-supernova phaseor during their explosion. At the
temperatures of about 2 to 3 billion degrees,which can be reached in those layers, the p-nuclei
are synthesized by (° ,n) photodisintegrations of preexisting more neutron-rich species(especially s-
nuclei), possibly followed by cascadesof (° ,p) and/or (° ,®) reactions. It has also beenproposedthat
those nuclear transformations could take place in the C-rich zone of Type Ia supernovae as well as
in the envelope of exploding sub-Chandrasekharmass white dwarfs on which He-rich material has
been accreted. These alternativ e sites require improved explosion modelling to guarantee a reliable
p-processseedabundancedistribution.

The p-processis essentially a sequenceof (° ,n), (° ,p) or (° ,®) photodisintegrations reactions,
possibly complemented by captures of neutrons, protons or ®-particles at energiestypically far below
1 MeV or the Coulomb barrier in the caseof charged particles. So far, relevant rate measurements,
mainly involving radiativ e neutron and proton captures, are only available for stable targets. This
data base covers not more than a minute fraction of the needs for p-processsimulations. As the
measurements are for the target ground state only, possible contributions of excited states to the
stellar rates will have to be modelled. The available experimental data play an important role in the
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validation of the various nuclear ingredients entering theoretical predictions (seeSect. 7) and can also
be usedin estimatesof reversephotonuclear rates.

Recent experiments have provided direct measurements of some(° ,n) reactionsat the low energies
of interest for the p-process,i.e closeto the photodisintegration threshold. One of the techniques is
basedon the construction of a quasi-thermal photon spectrum from a superposition of bremsstrahlung
spectra with di®erent endpoint energies.As an alternativ e, the `Laser InverseCompton (LIC)' ° -ray
sourceusesa real photon beam in the MeV region produced by head-oncollisions of laser photons on
relativistic electronsand producesquasi-monochromatic ° -rays in the energy range 1 to 40 MeV. An
important advantageof the LIC ° -rays over the bremsstrahlungapproach is their more intensepeaking
in the energy window of astrophysical interest in addition to their better quasi-monochromaticit y.
The bremsstrahlung and LIC techniques have been used so far to measurethe rates of a few (° ,n)
reactions. In particular, the latter experimental approach has provided crosssectionsto the ground
and isomeric state for the 181Ta(° ; n) 180Ta reaction, which is of special interest in p-processmodels.
Thesemeasurements haveto becomplimented by the determination of the 180Tam (° ; n) 179Ta reaction
rate. Another prime interest in p-processstudies is the synthesis of the rare odd-odd p-nuclide 138La.
This requires the measurements of the 139La (° ; n) 138La and 138La (° ; n) 137La reaction rates. More
generally, systematic measurements of the photoneutron crosssectionsat energiescloseto the neutron
threshold will certainly reducethe remaining uncertainties in the stellar rates for the numerousisotopes
involved in the p-process.

Experimental data for charged-particle induced reactions of p-processinterest used to be scarce.
This situation is largely due to the smallnessof the related reaction crosssectionsat the sub-Coulomb
energiesof astrophysical interest. However, an important e®ort has recently been devoted to the
measurement of a seriesof (p,° ) reaction crosssectionson medium massnuclei with 34 · Z · 51 at
low enoughenergiesto beof astrophysical relevance. Theseexperiments conductedprincipally at small
facilities (Demokritos, Stuttgart) make useof two techniques, the activation method and the in-beam
measurements. So far, data are available only for stable targets up to about Sb. A compilation of
the present data, as well as an extensionof the experimental e®ortstowards heavier (Z > 50) targets
would be most valuable in order to better constrain and improve global reaction models (Sect. 7).

The (° ; ®) reaction rates are usually determined from data on the reversedreactions. However,
relevant (®; ° ) data are very rare. At this point, the only reactions which have been studied ex-
perimentally at sub-Coulomb energiesare 70Ge(®; ° ) 74Se, 96Ru (®; ° ) 100Pd , 139La (®; ° ) 143Pr , and
144Sm(®; ° ) 148Gd . The recent 144Sm(®; ° ) 148Gd experiment is not only of special astrophysics in-
terest, but also a stringent test casefor a reliable determination of the ®-nucleus optical potentials
at low energies. Indeed, all parametrizations failed to give a satisfactory description of the reaction
crosssection at the lowest energies(around 10 MeV) of interest for the p-process.This measurement
illustrated quite drastically the di±culties to reliably predict low-energy (®,° ) cross sections. New
experimental data, especially for low-energyradiativ e captures on nuclei in the A ' 100 and A ' 200
massrange, are strongly required in order to further constrain the determination of a reliable global
® potential. In this respect, low-energyelastic ®-scattering, as well as captures of the (®,n), (n,®) or
(®,p) typeswill also bring valuable information about the ®-particle-nucleus interaction.

5.2 Neutrino nucleosyn thesis

When the °ux of neutrinos generated by the cooling of the neutron star in a type I I supernova
passesthrough the overlying shellsof heavy elements, substantial nuclear transmutations are induced,
despite the extremely small neutrino-nucleus cross sections. Speci¯c nuclei (e.g. 10;11B, 15N, 19F)
might be, by a large fraction, made by this neutrino nucleosynthesis. These are the product of
reaction sequencesinduced by neutral current (º ; º 0) reactions on very abundant nuclei such as 12C,
16O or 20Ne. If the inelastic excitation of these nuclei proceedsto particle-unbound levels, they will
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decay by emissionof protons or neutrons, in this way contributing to nucleosynthesis. As the nucleon
thresholdsare relatively high, e®ectively only º ¹ ; º ¿ neutrinos and their antiparticles with their higher
averageenergiescontribute to the neutrino nucleosynthesis of theseelements. It is generally assumed
that the º -processmight also be responsible for the production of 138La and to a fraction of the
180Ta abundance. The 138La nuclide is of special interest as it appearsto be produced by the charged
current (º e; e¡ ) reaction on the s-processelement 138Ba. Complimenting the constrains for supernova
¹º e neutrinos from their observation in the water Cerenkov detectors for SN1987A, its sensitivity to
the °ux and distribution of supernova º e and º ¹ ; º ¿ neutrinos makesthe º processan important test
for the predictions of supernova models. This test is particularly stringent, if neutrino oscillations
involving º e neutrinos occur in the supernova environment.

Simulations of neutrino nucleosynthesis requires the knowledgeof neutrino-induced particle emis-
sion cross sections. For the lighter elements this requires the determination of the Gamow-Teller
(GT 0) and spin-dipole response on nuclei like 12C, 16O and 20Ne, including the cascadeof decays
of the excited levels. The crosssections for 20Ne, neededfor the 19F production, appear to be the
most uncertain. The modelling of the 138La (and 180Ta) º -processabundanceneeds,in particular, the
knowledgeabout the allowed GT ¡ responseon 138Ba below the particle thresholds in 138La. Further-
more, º nucleosynthesis of 138La and 180Ta competeswith the p-processproduction of theseelements,
making a reliable determination of the p-processabundancesalso important. We note that precision
measurements at electron-beam facilities can provide important detailed information about several of
the relevant reactions.

5.3 Nucleosyn thesis in explosiv e Binary Systems

Thermonuclear explosionsin accreting binary star systemshave beenan object of considerableatten-
tion. The basic concept of the explosion mechanism seemsreasonablywell understood, but there are
still considerablediscrepanciesbetween the predicted observables and the actual observations. The
proposedmechanism involves binary systemswith one degenerateobject, like white dwarfs or neu-
tron stars, and is characterized by the revival of the dormant objects via massover°ow and accretion
from the binary companion. The characteristic di®erencesin the luminosity, time scale,and period-
icit y depend on the accretion rate and on the nature of the accreting object. Low accretion rates
lead to a pile-up of unburned hydrogen, causing the ignition of hydrogen burning via pp-chains and
CNO-cycles with pycnonuclear enhancements of the reactions after a critical masslayer is attained.
On white dwarfs this triggers nova events, on neutron stars it results in X-ray bursts. High accre-
tion rates above a critical limit causehigh temperatures in the accretedenvelope and lessdegenerate
conditions, which result in stable hydrogen burning. Such high accretion conditions on white dwarfs
causesupernova type Ia events. Theseevents are the largest thermonuclear explosionsin the Universe
and the observed relation between lightcurve and intrinsic brightness for nearby type-Ia supernovae
makes them astronomical standard candles. In the last years an extended program of observation
of high-redshift supernovae led to the spectacular and surprising ¯nding of an acceleratedexpansion
of the Universe. Here, a better knowledge of the explosion mechanism is essential to con¯rm the
brightness-lightcurve relation also for low metallicit y SN. Type Ia supernovae are usually associated
with a large amount of 56Ni formation and, hence,are consideredthe main producersof iron elements
in the Universe. Electron captures on the incinerated material, plus the neutron excesspreviously
stored in the He-burning product 22Ne, lead to the production of neutron-rich isotopessuch as 48Ca,
50Ti, and 54Cr. The ¯nal amount dependssensitively on the propagation speedof the burning front
and the relevant electron capture rates, the latter being likely the most important nuclear physics
input required in type Ia models.

Currently large uncertainties are associated with the modelling of accretion, explosionmechanism
and burning front development and with the microscopic nuclear physics component of novae and
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X-ray bursts. The nuclear energy generation provides the observed luminosity of the event, the
combination of rapid mixing, convection and far-o®-stability nucleosynthesis is responsible for the
observed abundancesin the ejecta. Simulations of novaeand X-ray bursts will noticeably bene¯t from
post-acceleratorfacilities for radioactive ion-beams. After the pioneering work at Louvain-la-Neuve,
new facilities just started operation at CERN (Rex-Isolde), at Ganil (Spiral) and at TRIUMF (ISAC-
1) which promise to remove the uncertainties of someof the key reactions involved in the respective
nuclear networks.

No vae White dwarfs, which are extremely densedegeneratestars, constitute the ¯nal phaseof the
evolution of low and intermediate massstars. Their composition is mainly C, O or O, Ne, depending
on the progenitor mass. Accretion of hydrogen-rich material from the envelope of a companion star
and its mixing into the white dwarf matter leads to the onset of hydrogen burning under degenerate
conditions. After accretion of a critical amount of matter, the hydrogen is burned explosively via the
hot CNO, NeNa and MgAl cyclesat high temperature (T · 2¢108K) and density (½¼ 104 g/cm3). The
burning products are ejectedinto the interstellar medium, wherethey can be detectedby astronomical
observations, which put important constrains on the models.

The principal interest in novae modelling in the past ¯v e years focussedon the synthesis of the
radioactive isotopes7Be, 18F, 22Na and 26Al. The observation of the characteristic gamma-ray emission
of these isotopes from a nearby nova is among the objectives of the European satellite INTEGRAL.
Comparison of the observed isotopic yields with model results will give stringent constrains to some
model parameters, and in particular on the still uncertain mixing processof the accreted hydrogen
with the white dwarf material and the magnitude of the ejectedmass. Nuclear astrophysics in Europe
is especially well prepared to advancesigni¯cantly in thesequestionswith the availabilit y of a state-
of-the-art hydrodynamical nova code at Barcelona and the large amount of INTEGRAL data to be
expected. However, someimportant nuclear input to thesemodels is still neededto achieve this goal,
especially reaction crosssectionsinvolving unstable isotopes.

The nuclear reaction network in nova explosionsextends up to massA ¼ 35 and includes proton
capture reactions on several short-lived isotopes on the neutron-de¯cient side of the stabilit y valley.
The determination of the relevant crosssectionshasbegunin somepioneeringexperiments at radioac-
tiv e ion-beam facilites like ORNL, Argonne and Louvain-la-Neuve for the 18F(p,®) reaction, which
determines the ¯nal amount of 18F synthesized in novae. This isotope is detectable in the ¯rst few
hours after the explosion in the expanding shell of the ejected material by the characteristic e+ e¡

annihilation radiation following its ¯ -decay. Other important reactions for the synthesis of 22Na and
26Al include e.g. the short-lived isotopes 21Na and 25Al. The °ow out of the MgAl-cycle to higher
massespassesby several neutron-de¯cient P and S isotopes. For all theseisotopes,including alsosome
stable ones,proton capture crosssectionsat thermonuclear energiesmust be determined.

Much progresswill certainly comein the near future from the availabilit y of beamsof theseunstable
isotopesat radioactive ion-beam facilities. Reaction crosssectionsat nova temperatures are generally
very small and indirect approaches,like transfer reactions,ANC or the recently developedTrojan horse
method will play an important role besidesdirect measurements to determine proton and ®-particle
spectroscopic factors and branching ratios, neededfor the determination of thermonuclear reaction
yields. However, also somecapture crosssectionson stable isotopeshave to be known with improved
accuracy making facilities for stable isotopesan important complement to the radioactive ion-beams
in the near future.

X-Ra y Bursts For an X-ray burst, the thermonuclear runaway is triggered by the ignition of the
triple-alpha reaction and the break-out reactions from the hot CNO cycle. Therefore the on-setof the
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X-ray burst critically dependson the rates of the alpha capture reactions on 15O and 18Ne. Although
recently progressin experimentally determining theserates has beenachieved by using either indirect
techniquesor radioactive ion-beamsin inversekinematics, both rates are not known with the necessary
accuracy. The thermonuclear runaway is driven by the ®p-processand the rapid proton-process(short
rp-process)which convert the initial material rapidly to 56Ni causing the formation of Ni oceansat
the neutron star surface. The ®p-processis characterized by a sequenceof (®,p) and (p,° ) reactions
processingthe ashesof the hot CNO cycles, 14O and 18Ne, up to the 34Ar and 38Ca range. The
rp-processrepresents a sequenceof rapid proton captures up to the proton drip-line and subsequent
¯ -decays of drip-line nuclei processingthe material from the argon, calcium range up to 56Ni and
beyond. The runaway freezesout in thermal equilibrium at peak temperatures of around 2.0 to 3.0
billion degreesKelvin. Re-ignition takesplaceduring the subsequent cooling phaseof the explosionvia
the rp-processbeyond 56Ni. The nucleosynthesis in the cooling phaseof the burst alters considerably
the abundancedistribution in atmosphere,ocean, and subsequently crust of the neutron star. This
may have a signi¯cant impact on the thermal structure of the neutron star surfaceand on the evolution
of oscillations in the oceans.

To verify the present modelsnuclear reaction and structure studieson the neutron de¯cient sideof
the line of stabilit y are essential. Measurements of the break-out reactions will set stringent limits on
the ignition conditions for the thermonuclear runaway, measurements of alpha and proton capture on
neutron de¯cient radioactive nuclei below 56Ni will set limits on the time-scalefor the actual runaway,
but will alsoa®ectother macroscopicobservables. Recent simulations of the X-ray burst characteristics
with self-consistent multi-zone models suggesteda signi¯cant impact of proton capture reaction rates
between A=20 and A=64 on expansion velocity, temperature and luminosity of the burst. Clearly,
more experimental data are necessaryto remove the present uncertainties.

Nuclear structure and nuclear reaction measurements near the doubly-closed-shellnucleus 56Ni
determine the conditions for the re-ignition of the burst in its cooling phase. Structure and reaction
measurements beyond 56Ni, in particular the experimental study of 2-proton capture reactionsbridging
the drip-line for even-even N = Z nuclei like 68Seand 72Kr etc., are necessaryto determine the ¯nal
fate of the neutron star crust. These reaction measurements have to be complemented with decay
studies. Of particular importance are beta-decay studies of isomeric and/or thermally populated
excited states, which are not accessibleby experiment with present equipment. In general there is a
substantial need for nuclear structure information at the proton drip-line, especially in the Ge - Kr
mass region and most likely up to the Sn-Te-I mass range where the endpoint of the rp-processis
expected. The information neededto calculate the °ow of nuclear reactions in X-ray bursts includes
masses,lifetimes, level structures, and proton separation energies.

After an X-ray burst most of the breededmaterial is accumulated on the surfaceof the neutron
star where it still is heated by the matter (hydrogen) which °ows from the companion in the binary.
This heating is highly non-symmetric and occurs mainly at the poles. It forcesa pressureon the X-
ray burst material underneath, and if the pressureexceedscertain thresholds, nuclei in this material
can undergo electron captures. Due to nuclear pairing arguments, the capture will always be in a
two-step processwhere mainly the latter generatessome energy which will be releasedand can be
absorbed in the vicinit y. The matter will sink deeper into the neutron star, reaching higher densities
and then undergoing further electron captures and ultimativ ely pycnonuclear reactions. The released
energy in the captures and the pycnonuclear reactions can be locally stored in the neutron star's
ocean and crust and will a®ect their thermal properties. To model such reaction sequencesand
their consequences,massesand electron capture rates on neutronrich nuclei are needed;an improved
description of pycnonuclear reactions is desirable.
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5.4 R-pro cess

About half of the elements beyond Fe are producedvia neutron-captures in very neutron-rich environ-
ments. The existenceof abundancepeaks,connectedwith the major neutron shell-closures,witnesses
that neutron-captures have occured far from the valley of stabilit y. Observations of r-processabun-
dancesin ultra-p oor metal stars by the Hubble SpaceTelescope reveal what happened in the early
age of the Galaxy, when primordial r-nuclides were formed. It is remarkable to seethat the abun-
dancesof heavy-mass nuclei (beyond A=130) are solar-like and very similar in those stars, although
they originate from very di®erent regions of the galactical halo. Therefore, the robust r-abundance
pattern above A=130 may be a signature of a unique early \main" r-processof primary nature. Be-
low A=130, one observes \underabundances" in these stars compared to solar ones, with a strong
odd-even-Z staggering,which is not present in solar r-material. The missing part to the solar pattern
re°ects the need for a second\w eak" r-processof secondarynature, supported also by geochemical
evidencefrom meteorites. These observations, added with the measuredisotopic abundancesof Eu
and Ba, are a major breakthrough in our view of the r processand of the chemical evolution of the
elements.
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Figure 10: Elemental abundancesin three metal-poor halo stars as comparedto solar r-material, courtesy from
J. Cowan

These ¯ndings are supported and supplemented by the abundancepatterns of certain refractory
inclusions of meteorites which re°ect the stellar events in which they were formed. Large isotopic
anomalies,with respect to solar, are found in somegrainswhich point to a very neutron-rich production
environment. The useof new ionic nanoprobes,which could reveal the composition of sub-micrometer
sizepre-solar grains, is expected to improve our understanding of the r-process.

Even if the high entropy bubble and neutron-star mergersare likely sites, the exact environment(s),
wherethe r process(es)occurs,still remainsa great mystery at present time. Weknow, however, that r-
processnucleosynthesisis a dynamical processin which the r-processpath in the nuclear chart depends
on the changing conditions of the stellar environment. In hot and very neutron-denseenvironments,
neutron-captures occur on very short timescalesand quickly equilibrate with photodisintegrations for
nuclei with low neutron separation energies. In such cases,the important parameters for modelling
the r-processnucleosynthesis are the masses,which ¯x the location of the waiting points in each
isotopic chain, the ¯ -decay half-livesand the Pn values,which determine the amount of r-progenitors
accumulated and to which extent their decay occurs via delayed-neutron(s) emission(s). When the
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r-processmatter reaches lower neutron densities, at which ¯ -decay times are shorter than neutron-
capture times, branchings in each isotopic chain occur. It is of key importance to determine the three
properties (¯ -decay half-lives, massesand neutron-capture cross-sections),especially at and around
the major neutron closed-shellsN=50, 82, and 126, associated with the r-abundance peaks. These
magic nuclei (called waiting points) have also longer life-times than their non-magic neighbors and
regulate the mass-°ow and duration of the r-process.
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Figure 11: The current knowledgeof nuclear masses.Preliminary results obtained on-line from the fragmenta-
tion or from the ¯ssion of a 238U beam are shown in yellow color, courtesy of Y. Litivino v

As recent major experimental breakthroughs, the ¯ -decays of about 30 neutron-rich nuclei on the
r-processpath(s) have beenmeasuredat the ISOLDE facilit y, including those of the N = 82 waiting
points 130Cd and 129Ag. These new results, added to the previous studies at the N=50 closedshell,
are important data neededto put constrains on the astrophysical conditions for the build-up and
break-out of the A=80 and A=130 r-abundancepeaks.

Atomic massesfor nuclei far from stabilit y might hold the key for the understanding of nuclear
structure in the yet unexplored parts of the nuclear chart. Their knowledge is particularly essential
for r-processsimulations. In recent years the GSI at Darmstadt has developed a succesfulprogram
measuring massesof short-lived ¯ssion fragments of a high-energy Pb beam using time-of-°igh t and
Schottky methods; as an illustrativ e example Fig. 11 shows more than 70 new massesin the N = 50
and 82 region obtained at the GSI with the isochronous time-of-°igh t method. The proposed GSI
upgrade with a much higher primary beam intensity and an order of magnitude larger acceptanceof
the proposed cooler ring promises to measureseveral hundreds new masseson neutron-rich nuclei,
including those of crucial r-processwaiting points. Such data are essential to better constrain the
location of the r-processfor given stellar conditions and will also provide much neededinformation
about potential shell-structure e®ects. Here, a strongly debated current issue is whether the shell
gap in very neutron-rich nuclei (particularly for N = 82) is noticeably lesspronouncedthan in stable
nuclei. Such an e®ectwould have signi¯cant impact on the r-processabundancepattern at the low-A
wing of the peaks. Its ¯rm veri¯cation, however, needsfurther experimental study of the r-process
progenitor nuclei in the vicinit y of the shell closure. In particular, major developments have to be
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started to produce and study the refractory elements (Mo to Pd) around N=82.

There are currently no data available for r-processnuclei in the region of the N=126 shell closure,
which is associated with the third r-processpeak at around A » 195. This is likely to change,
when this region can be reached by the high-energy fragmentation of Pb or U beamsat GSI. These
key experiments will then open a new era in nuclear structure and r-processresearch, in particular
delivering the ¯rst measurements of hal°iv es for N = 126 waiting points. Beyond N = 126, the
r-processpath reaches regions where nuclei start to ¯ssion, demanding an improved knowledge of
¯ssion barriers in extremely neutron-rich nuclei to determine where ¯ssion terminates the neutron
capture °ow and prevents the synthesisof superheavy elements with Z> 92. If the duration time of the
r-processis su±ciently long (as it could be found in neutron star mergers), the ¯ssion products can
capture again neutrons, ultimately initiating \¯ssion cycling" which can exhaust the r-processmatter
below A = 130 and produce heavy nuclei in the ¯ssion region. Fission can in particular in°uence
the r-processabundancesof Th and U. This would changethe Th/U r-processproduction ratio with
strong consequencesfor the age determination of our galaxy, which has recently been derived from
the observation of theser-nuclides in old halo stars.

The direct measurement of neutron-capture cross sections on unstable nuclei is technically not
feasible. This goal can, however, be achieved indirectly by high resolution (d,p)-reaction, which
are consideredthe key tool to study neutron capture cross sections of rare isotopes at radioactive
nuclear beam facilities. For r-processnuclides, particular technical advancements need to be made
to produce the required beamsof a few MeV/n ucleon. Studies of beta delayed-neutron decays can
help to determine the existenceof isolated resonancesabove the neutron-emission threshold in the
daughter nucleus. Such experimental studieswill be performed for selectednuclei, in particular at the
neutron shell closures,to guide and to constrain global theoretical models. Of particular importance
are detailed studies of the soft pygmy resonancewhich are energetically expected around the neutron
threshold and can strongly in°uence neutron capture crosssections.

6 Non-thermal nucleosyn thesis

Spallation reactions induced by highly energetic particles, in particular by Galactic Cosmic Rays
(GCR), are a well-establishedproduction mechanism for several light elements (Li, Be, and B) and
for someisotopic anomaliesin meteorites [18].

The understanding of the isotopic composition of the GCR at energiesaround oneGeV per nucleon
for elements up to Fe, has progressedsigni¯cantly by observations made with spacecraftslike ACE
and ULYSSESand balloon °igh ts. Data for heavier elements are expected for the near future. This
data record will serve to elucidate the origin and the sourcecomposition of the GCR, as well as their
propagation and the associated production of secondaryGCR nuclei by fragmentation reactions with
H and He nuclei in the interstellar medium (ISM) [19]. A reliable modelling of the involved nuclear
network is crucial. Of particular importance are the various spallation crosssections in the several
hundred MeV to several GeV per nucleonrange. Proton induced fragmentation crosssectionsfor most
of the light elements were determined at BEVALA C, SATURNE and recently at the GSI fragment
separator and an extensive set of accurate data is available to interpret the GCR composition up to
Fe/Ni. This e®ort must be continued to heavier elements and accompaniedby theoretical studies to
obtain a complete set of crosssection data to interpret the observations.

Recent observations of the abundancesof the light elements Li, Be, and B in metal-poor stars force
us to modify our understanding of the Galactic chemical evolution of theseelements. In the standard
spallation model it is assumedthat theseelements are solely madeby fragmentation reaction on CNO
nuclei in the ISM, induced by fast protons and ®-particles in the GCR. However, the new data suggest
that signi¯cant amounts of Li, Be and B may be producedin OB associations, i.e. groupsof stars that
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Figure 12: Artist impression of the INTEGRAL satellite. It combines unprecedented angular resolution (12
arcmin with the imager IBIS) and energyresolution (2.3 keV at 1.3 MeV with the spectrometer SPI) for gamma-
ray astronomy. Among the scienti¯c objectivesare the galactic distribution of radioactive isotopessynthesized
in stars, novae and supernova explosionsand ° -rays from cosmic-ray interactions. Image: ESA/INTEGRAL

are dominated by main-sequencestars of O and B spectral types, via the spallation of acceleratedC
and O nuclei at energiesbelow several hundred MeV per nucleon. This last processcan be dominant
in the early Galaxy. Detailed studies of the origin of the particles and their accelerationmechanism
in OB associations and in the ISM are clearly needed.

Decisive progressin the solution of thesequestionsis expected from ° -ray astronomy. Many of the
nuclear reactions induced by cosmic-ray nuclei are accompaniedby prompt de-excitation of excited
nuclear levelspopulated by inelastic scattering, transfer or spallation reactions,or they are followed by
delayed ° -ray emissionfrom radioactive speciesor ¼0-particles which are produced in thesecollisions.
The associated nuclear ° rays will be observed by future spacemissions like INTEGRAL, AGILE
and GLAST. For example, these missionswill detect strong ° -lines produced in inelastic scattering
of cosmic-ray protons and ®-particles on nuclei like 12C, 16O and 56Fe, which are abundant in the
ISM, and from ®-® reactions. As this ° -ray production is most e®ective for cosmic rays below a
few hundred MeV per nucleon, the observed lines and their intensities can be converted into the
determination of the cosmic-ray spectrum in this energy range. Similar ° -ray production occurs in
strong solar °ares. This ¯eld will bene¯t tremendously from the dedicatedobservations expectedfrom
the RHESSI spacecraft.

To make optimal useof the detailed high-resolution spectroscopicinformations from INTEGRAL
and RHESSI, progressin our knowledge of the various ° -ray emissionprocessesand the completion
of the required crosssection data baseare needed. In particular, di®erential particle and ° -ray cross
sectionsand particle-° correlations from threshold to typically one hundred MeV per nucleon must
be known to interpret the observed line shapes. To complete the data base,crosssectionsabove the
° -production threshold for proton- and ®-induced reactions on the abundant nuclear speciesin the
ISM between 12C and 56Fe are required. This is a task which is well suited for tandem accelerators
at university or smaller research laboratories. The experimental e®ortshave to be accompaniedby
systematic optical model calculations.

Recent studies of extinct radioactivities in meteorites indicate that the gas and dust disk of the
solar system might have been irradiated by energeticparticles during a relatively short period of the
solar system formation. By analogy with solar °ares, where the energetic particle composition is
greatly enhancedin 3He, it is assumedthat 3He-induced reactions on relatively abundant nuclei like
24Mg and 40Ca could have produced an important amount of the exctinct 26Al and 41Ca nuclides. To
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test this hypothesis, which could have far-reaching consequencesfor our understanding of the solar
systemformation, measurements of several speci¯c crosssections,especially for 3He-inducedreactions
below hundred MeV per nucleon are required.

7 Nuclear mo delling

The speci¯c astrophysical conditions make a direct experimental determination of required nuclear
input often impossible. Thus, despite important e®ort in the last decadesto measureastrophysically
relevant data, theoretical models are often neededto translate these data from laboratory to stellar
conditions. For example, most charged-particle induced reactions at stellar energies,i.e. at energies
far below the Coulomb barrier, have cross-sectionsthat are far too low to be measuredat the present
time (Sect. 3). Stellar reactionsoften concernunstable or even exotic (neutron-rich, neutron-de¯cient,
superheavy) species for which no experimental data exist. Certain astrophysical applications like
the r- or p-processes(see Sect. 5) involve thousands of unstable nuclei for which many di®erent
properties have to be determined (including ground and excited state properties, strong, weak and
electromagnetic interaction properties). In high-temperature environments, thermal population of
excited statesby electron or photon interactions, aswell as ionization e®ectssigni¯cantly modi¯es the
nuclear properties in a way which is impossibleto measurein the laboratory. For all these extreme
conditions found in astrophysical environments, theorists are requestedto supply the required nuclear
input if it is experimentally not available.

The description of the many nuclear processesin stars requires a careful and accurate account
of all physically relevant input data so that nuclear models have to be \ph ysically accurate" and
\globally applicable" at the sametime. A global description of all required nuclear input within one
unique model ensuresa coherent prediction of all unknown data. The needof extrapolating data from
experimentally known regionsfavors microscopicmodels with a sound ¯rst-principle foundation.

Many global microscopicapproaches have beendeveloped for the last decadesand are now more
or lesswell understood [20]. However, they were almost never usedfor practical applications, because
of their lack of accuracy in reproducing experimental data on a global scale. The low global accuracy
mainly originated from computational complications making the determination of free parameters
in the models by ¯ts to experminental data time-consuming. This shortcoming has been overcome
in recent years and todays microscopic models can be tuned to the same level of global accuracy
as the phenomenologicalmulti-parameter models, which have conventionally been used to describe
experimentally unknown input in astrophysical scenarios.The following subsectionsdescribe someof
the advancesand future needsin nuclear modelling.

7.1 Reaction mo dels

As the degreesof freedom increasedrastically with the number of nucleons, models of di®erent so-
phistication have to be chosenfor the various regions in the nuclear chart. Exact calculations using
realistic nucleon-nucleon interactions, e.g. by Green'sFunction Monte Carlo techniques,are restricted
to light nuclei. As an alternativ e, methods basedon e®ective ¯eld theory have recently been devel-
oped for few-nucleonssystems. Both approacheshave demonstrated their abilit y to reliably describe
reactions with light nuclei.

Another useful tool for the extrapolation of data for reactions of light and certain medium-heavy
nuclei is the microscopic cluster model which groups the nucleons into clusters and determines the
totally antisymmetrized relativewave functions betweenthe variousclustersby solving the SchrÄodinger
equation for a many-body Hamiltonian with an e®ective nucleon-nucleon interaction. This approach
hasthe major advantage of providing a consistent description of bound, resonant, and scattering states
of a nuclear system and has successfullybeen applied to determine the low-energy crosssectionsfor
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many astrophysically important reactions. Despite these successes,more e®ort in that direction is
obviously needed.

For reactions involving heavy nuclei, most of the crosssection calculations neededfor nucleosyn-
thesis applications are basedon the statistical Hauser-Feshbach model. This model makesthe funda-
mental assumption that the processproceedsvia the intermediate formation of a compound nucleus
in thermodynamic equilibrium. This assumption is justi¯ed if the level density in the compound nu-
cleus at the projectile incident energy is large enough to ensurean averagestatistical superposition
of states. However, when the number of available states in the compound system is relatively small,
as this is the casefor many proton capture reactions in the rp-process,the capture processis mainly
dominated by direct electromagnetic transitions to a bound ¯nal state. In general, direct reactions
play an important role for light, closed-shellor exotic neutron-rich systems for which no resonant
states are available.

Both the direct and statistical modelshave proven their abilit y to predict crosssectionsaccurately.
However, thesemodelssu®erfrom uncertainties stemming essentially from the predicted nuclear ingre-
dients describingthe nuclearstructure propertiesof the ground and excitedstates,and the strong, weak
and electromagnetic interaction properties. The description of these fundamental nuclear properties
will bene¯t signi¯cantly from recent progressand future advancesin microscopicand semi-microscopic
models which we will describe in the next subsections.

7.2 Ground state prop erties

Global massmodelshave recently beenderivedwithin the non-relativistic Hartree-Fock and relativistic
Hartree methods. Making use of a Skyrme force which has been adjusted to essentially all known
masses,it hasbeendemonstratedthat the microscopicHartree-Fock approach cansuccessfullycompete
in overall reproduction of the measureddata with the most accurate empirical droplet-lik e formulas
available nowadays. This quality is achieved not only when the pairing force is described in the
BCS approximation, but also when the Bogoliubov method is adopted (HFB model), which treats
the nuclear single-particle and pairing properties self-consistently . Although complete mass tables
have now also been derived within the HFB approach, further developments which a®ect the mass
extrapolations towards the neutron drip-line are still needed. Moreover, e®ective interactions for
the present state-of-the art mean ¯eld models have to be developed which consistently describe the
many observables needed(such as giant dipole or Gamow-Teller excitations, in¯nite nuclear matter
properties). These various nuclear aspects are extremely complicated to reconcilewithin one unique
framework and the quest towards universality will most certainly be a focusof nuclear physicsresearch
for the coming decade. This quest will tremendously bene¯t from future developments in nuclear
models beyond the mean-¯eld approach, like the shell model or the cluster expansionapproaches.

7.3 Nuclear lev el densities

Until recently , only classicalapproacheswere usedto estimate nuclear level densitiesfor practical ap-
plications. Several approximations usedto obtain the nuclear level density expressionsin an analytical
form can be avoided by quantitativ ely taking into account the discrete structure of the single-particle
spectra associated with realistic averagepotentials. In a recent global calculation, basedon the HF-
BCS model, it hasbeenshown that all the experimentally available level density data can be described
to an accuracycomparablewith the widely usedphenomenologicalformulas. Important e®ortstill has
to be made to improve the microscopicdescription of collective (rotational and vibrational) e®ects,as
well as their dependenceon the excitation energy. It looks promising that such calculations can soon
be performed within the Shell Model Monte Carlo (SMMC) approach which allows the description
of nuclear properties at ¯nite temperature and has recently beensuccessfullyadopted to microscopi-
cally derive level densities for medium-massnuclei. The SMMC model considerscorrelations among
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valencenucleonsby a realistic interaction and, hence, treats pairing correlations in the ground and
excited states consistently . Such a coherent description in level density models basedon mean-¯eld
approaches is still needed.Future global combinatorial and shell model calculations of level densities
will signi¯cantly improve the reliabilit y of the predictions for exotic nuclei. Thesestudies are eagerly
awaited.

7.4 Optical poten tials

Conventional global optical potentials are parametrized in nuclear astrophysical applications by a
Woods-Saxon form. Recently a nucleon-nucleus optical potential has been derived from the Reid
hard core nucleon{nucleon interaction within the framework of the BrÄuckner{Hartree{F ock (BHF)
approximation. This potential hasbeenempirically renormalizedto reproducescattering and reaction
observablesfor a large set of spherical and quasisphericalnuclei in a wide energy range from the keV
region up to 200 MeV. Although the resulting potential clearly represents a signi¯cant improvement,
more future work is needed. In particular, the asymmetry component in the potential has to be
improved to guarantee a reliable and accuratedescription of extremely neutron-rich nuclei. To achieve
this goal BHF calculations of asymmetric nuclear matter would be most useful.

The derivation of reliable ®-nucleus optical potentials is much more complicated and the latest
developments are rather scarce. The very low energieswhich are of relevance in astrophysical envi-
ronments (far below the Coulomb barrier) make the extrapolation of global potentials quite uncertain
as has beendemonstrated by the results of the recent 144Sm(®; ° )148Gd experiment (seeSect. 5). For
these reasons,new global potential parametrizations of Woods-Saxonor double folding types have
been proposed in order to better take into account the strong energy and nuclear structure depen-
dencewhich a®ectsthe absorptive part of the potential at low energies.However, experimental data
at low energies(elastic and inelastic scattering, ®-capture or (n,®) crosssections) are scarcemaking
the predictive power of the new parametrizations still uncertain. Much theoretical and experimental
work remains to be done in this area.

7.5 ° -ra y strength functions

The radiativ e neutron capture rate at energiesof relevance in astrophysics is sensitive to the low-
energy tail of the giant dipole resonance,in particular if pygmy resonancesexist closeto the neutron
threshold as recently been suggestedby someexperiments and model calculations. The E1 strength
distribution is conventionally described by a generalizedLorentzian model. Due to its importance,
however, improved global descriptions are warranted. A ¯rst systematic and microscopicattempt to
derive global E1-strength functions is basedon sphericalQRPA calculations adopting a Skyrme force.
Future calculations should be basedon the HFB-QRPA model to guarantee a consistent description
of pairing correlations and should considernuclear deformation and higher-order QRPA e®ects.Such
studies are expected to increasethe reliabilit y of the present predictions.

7.6 ¯ -decay rates

The reliable calculation of ¯ -decay rates is strongly complicated by the fact that the rates are highly
sensitive to the low-energy wing of the spin-isospin responsefunctions intro ducing a strong nuclear
structure dependence. Recently ¯rst attempts to derive these rates basedon a fully self-consistent
HFB plus QRPA description of the ground state and ¯ -decay properties have beenmade. Although
promising, thesecalculations clearly needimprovements. In particular, the global calculations should
be basedon a mass-independent ¯nite-range e®ective nucleon-nucleon interaction that ensuresa uni-
versal and accurate description of the spin-isospinexcitations of arbitrary multip olarit y in the whole
nuclear chart. Furthermore, such fully self-consistent models for spherical and deformed nuclei need
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to be developed. Currently the reproduction of ground-state properties and the spin-isospinexcitation
with the samevalue of the Landau-Migdal interaction (as extracted from experimental data) is an
open problem. In addition, the in°uence of forbidden transitions and higher-order QRPA e®ectson
the ¯ {decay rates needto be studied systematically.

Without doubt, the shell model, which takes all correlations among the valence nucleons into
account, represents the method of choice to derive ¯ -decay rates. Due to computational limitations,
the model is currently restricted to light or intermediate-massnuclei, and to nuclei with a singleclosed
shell like the r-processwaiting points. Extension of the model to heavier nuclei is certainly neededfor
future astrophysical applications.

8 Recommendations

One of the great attractions of nuclear astrophysics is its diversity, which is not only re°ected by
its strong interdisciplinary character, but also in the need for a wide span of experimental facilities,
ranging from major international laboratories to small university-based research laboratories. We
constitute therefore with satisfaction that many European research centers, including the GSI, Ganil,
Louvain-La-Neuve, Gran Sasso,INFN, KVI Groningen and CERN, have endorseda strong program
towards nuclear astrophysics. At the sametime, much of the important progress,which we witnessed
in recent years, has been achieved by university groups. Both, the activities at the large research
centers and at the university laboratories, have to be continued and extended. This is re°ected in our
recommendations:

1. At many frontiers in nuclear astrophysics, progressdependsdecisively on the knowledgeof prop-
erties of short-lived, exotic nuclei far-o® the valley of stabilit y. Determining theseproperties and
experimenting with such short-lived nuclei, as they naturally only occur at the extreme conditions
of many astrophysical objects, requires the availabilit y of intense radioactive ion-beams. With
highest priorit y we recommendtherefore the immediate construction of the radioactive ion-beam
facilit y at the GSI in Darmstadt. This would make the GSI for many yearsa world-leader in ex-
perimental nuclear astrophysics, ideally supplementing the strong Europeane®ortsin astrophysics,
cosmologyand spaceresearch.

Complimentary to fragmentation beams,top-level research in Europe in nuclear astrophysics also
requires a second-generationISOL facilit y. The construction of EURISOL is therefore highly
recommendedfor the intermediate future.

2. The Underground Laboratory at the Gran Sassohas proven itself as a worldwide unique facil-
it y devoted to measureastrophysically important nuclear reactions to unprecedently low energies,
sometimeseven reaching the relevant stellar energies. To optimally exploit the unique oppor-
tunities, o®eredby this laboratory, we recommend with very high priorit y the installation of a
compact, high-current 5-MeV acceleratorfor light ions equipped with a high-e±ciency 4¼-array of
Ge-detectors.

3. Traditionally a strong component of the nuclear astrophysics research is carried out by smaller
university groups and research laboratories. The expertise of these groups is vital for the ¯eld.
We recommend,with very high priorit y, to continue and extend the dedicatednuclear astrophysics
programsbuilt around university accelerators.Theseacceleratorsalsohold a potential for interdis-
ciplinary research in other scienceareas(material research, life scienceetc.) providing additional
training grounds for young researchers. We also point to the broad educational bene¯ts of ded-
icated experiments at such university laboratories allowing young researchers to be responsibly
involved from the designphaseof the experiment to the data taking and analysis.
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4. Many European large-scalefacilities have endorsedstrong research programs related to nuclear
astrophysics. These programs should be continued and extended. In particular, an immediate
upgradeof existing facilities like Spiral at Ganil and Rex-Isoldeat CERN to acceleratealsoheavier
nuclei is highly recommended,to bridge the gap until the second-generationradioactive ion-beam
facilities are operational.

The construction of the new facilities has to be supplemented and supported by the development
and construction of appropriate instrumentation and detection devices.

5. There is a strong need to develop the necessaryinfrastructure to coordinate the speci¯c nuclear
astrophysics needslike up-to-date and exhaustive data bases.Furthermore, due to the interdisci-
plinary character of the ¯eld, progressin nuclear astrophysics requires an extensive contact and
exchangeof ideasbetweentheoretical and experimental nuclear physicists and astrophysicists, cos-
mologists and observers. The European Center for Nuclear Theory and its Applications ECT* in
Trento o®ersthe ideal environment for such contacts and will continue to play a crucial role here.

6. Theoretical development should focus on nuclear structure far-o® from stabilit y, the development
of nuclear reaction models which allow more accurate extrapolations of data to astrophysically
relevant energies,the nuclear equation of state, neutrino opacities of hot, densematter, and neu-
trino emissivities of densematter in neutron star cores. These e®orts require accessto powerful
computers.

Finally we stress that nuclear astrophysics has now developed into one of the major ¯elds in
subatomic physics and will further grow in its importance. Progressand new knowledge in this ¯eld
attracts an enormouspublic interest and appeal. To ful¯ll these public expectations and to match
the development of the ¯eld, it is absolutely essential and of highest priorit y that new positions at
universities and research laboratories are being created.
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