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Abstract

Unstable nuclei play a critical role in a number of astrophysical sce-
narios and are important for our understanding of the origin of the
elements. Among the most important scenarios are the r-process (Su-
pernovae), Novae, X-ray bursters, and Superbursters. For these as-
trophysical events I review the open questions, recent developments in
astronomy, and how nuclear physics, in particular experiments with ra-
dioactive beams, needs to contribute to find the answers.

1 The r-process

The r-process is one of the major nucleosynthesis processes in the universe
producing roughly half of all elements heavier than iron. The proposed sce-
narios for this process include (i) the neutrino-driven wind in core-collapse
supernovae [1, 2], (ii) accretion onto and jets from a forming neutron star in
core collapse supernovae [3], and (iii) neutron star mergers [4]. So far, all these
scenarios have their merits and problems and the question of the site of the r
process is essentially open.

To address the complex open questions there is clearly a need for more nu-
clear data such as masses, β decay half-lives, neutron capture rates, fission rates
and fission product distributions. For the immediate future r-process calcula-
tions will have to rely to a large extent on theoretical predictions. Therefore,
experiments are needed not only to provide direct input into r-process calcu-
lations, but also to unravel nuclear structure of neutron rich nuclei in general
to allow reliable extrapolations beyond the reach of experiments.

The nuclei in the r-process path are extremely neutron rich and short lived.
Fig. 1 shows, that to a large extent the r-process path lies beyond the region of
nuclei for which experimental data are available. Exceptions are some nuclei
around the N = 50 and N = 82 shell closures, mostly owing to pioneering
experiments at ISOLDE (see Pfeiffer et al. 2001 [6] and Kratz et al. 2000 [7]
for recent reviews). Nevertheless, most nuclei in the r-process have been out
of reach for experiments so far. To address this problem we have begun to
develop an experimental program at the new Coupled Cyclotron Facility at
MSU focusing specifically on the weak r-process [8] (see Fig. 1).
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Figure 1: The classical r-process path marked with thick squares (from Schatz et
al. 2002 [5]). Half filled and fully filled squares denote nuclides in the r-process path
that are within reach for at least a half-life measurement at the new NSCL Coupled
Cyclotron Facility and the proposed RIA facility, respectively. Shaded in grey are
nuclides with experimentally known half-lives.

2 Novae

Novae are thermonuclear explosions on the surface of a white dwarf accreting
matter from a companion star in a close binary system [9, 10, 11].

Today several major problems remain unsolved and might indicate severe
deficiencies in our understanding of novae. The first problem is the question of
how and when white dwarf material is mixed into the accreted layer [12, 13].
The second problem has been coined the ”missing mass problem” [11] denoting
that nova models notoriously underpredict the total mass of the ejecta by
typically a factor of 10 compared to observations. Another open question
is the contribution of Novae to galactic nucleosynthesis. It seems likely that
Novae are the source of at least a significant fraction of 13C, 15N, and 17O found
in the solar system [10]. However, whether Novae contribute to the observed
galactic γ-ray emitter 26Al is less clear [14, 15].

The sensitivity of nova model calculations to nuclear reaction rates has
been demonstrated in many sensitivity studies, most recently by Iliadis et al.
[18]. A particularly important question is whether there is a breakout of the
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Figure 2: The solid lines indicate the sequence of the most important reactions
during a nova explosion in the 1.35M� nova model from [16]. Thick lines mark
important reactions on radioactive nuclei. If the thick line is dashed the reaction
rate is important even though the dominant reaction flow does not pass through
that reaction for this particular nova model and with the reaction rate used. The
dashed nuclei are candidates for observable short lived γ-ray emitters.

hot CNO cycles during a Nova explosion via the 15O(α,γ) reaction (see [17]
for a recent review on CNO cycles and breakout). Current Nova models and
reaction rate estimates seem to indicate that nova peak temperatures are not
sufficient for significant breakout. This conclusion is now on firm ground with
recent experimental data providing an upper limit for the 15O(α,γ) rate [19]
(see also contribution from B. Davids at this meeting). However, temperatures
and densities during nova explosions can be very close to breakout conditions.
Furthermore, a possible signature of breakout has been observed in Nova V838
Her 1991 [20]. The ejecta of this nova show a strong depletion in oxygen
as well as enrichment in heavier elements such as sulfur. However, the non
observation of breakout in most novae and the possible observation of breakout
in Nova V838 needs to be translated into limits on burning temperature and
density and therefore on system parameters such as mass of the accreted layer,
accretion rate etc. This requires an accurate 15O(α,γ) reaction rate, not just
a limit. Therefore, a measurement of this reaction rate, for example with a
radioactive 15O beam would be important.

Clearly reactions on radioactive nuclei play an important role in novae.
For most of the important reaction rates below Na (with the exception of
15O(α,γ)) first attempts of direct measurements with radioactive beams have



been made in pioneering experiments, mainly at Louvain-la-Neuve and ANL.
More recently, the new ISAC facility reported the first direct measurement
of the 21Na(p,γ) reaction rate (see contribution from J. D’Auria at this con-
ference). However, much work remains to be done, and still higher beam
intensities, for example at the planned RIA facility in the US, are needed to
perform all the important measurements. For the forseeable future, direct low
energy measurements of reaction rates will have to be complemented with more
sensitive indirect techniques like proton scattering [21], transfer reactions [22],
and Coulomb breakup [23]. A complementary approach with stable beam and
radioactive beam experiments with various techniques is necessary.

3 Type I X-ray bursts

X-ray bursts are thermonuclear flashes on the surface of a neutron star accret-
ing matter from a companion star (for a recent review see [24]). X-ray burst
are a frequent phenomenon - there are about 50 Galactic sources known, most
of them bursting at least once a day.

There are many open questions concerning X-ray bursts, and in many cases
the motivation is to obtain information on neutron stars and on the properties
of matter under extreme conditions. In order to do so, the observations have
to be interpreted with a thorough understanding of the underlying physics of
the X-ray burst phenomenon. One of the open questions is the source of the
variation in burst timescales observed from X-ray bursters. Ordinary X-ray
burst durations range from 10-100 s. More recently, a new class of bursts has
been discovered, the so called superbursts, with over a factor of 1000 longer
duration (see [25] for a summary).

3.1 Normal X-ray bursts

Normal type I X-ray bursts are powered either by pure helium burning or by
mixed hydrogen and helium burning. The latter occurs for systems accreting
from a companion star with a hydrogen rich envelope at a rate that is suffi-
ciently high to ignite helium before all hydrogen is burned by the CNO cycle
during the accretion phase. In this case, the X-ray burst ignites at densities
of about 106 g/cm3. The temperature sensitivity of the 3α reaction triggers a
thermonuclear runaway. Energy generation is greatly accelerated by breakout
of the CNO cycles into the rapid proton capture process (rp process) [26] - a
sequence of (α,p), (p,γ) and β+ reactions.

Fig. 3 shows the full sequence of nuclear reactions powering type I x-ray
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Figure 3: Reaction flow time integrated over a complete x-ray burst. The inset
shows the SnSbTe cycle in detail.

bursts calculated with a one zone model coupled selfconsistently to a complete
reaction network [28]. It has recently been pointed out that the rp process
cannot proceed past a SnSbTe cycle, which forms as a consequence of the very
low α binding energies of the proton rich Te isotopes (Fig. 3i). This SnSbTe
cycle prevents the synthesis of nuclei more massive than A ≈ 106 in the rp
process.

A group of nuclei that play an important role in the rp process are the so
called waiting point nuclei. These nuclei have particularly long lifetimes under
rp-process conditions owing to long β decay half-lives and low proton capture
Q-values. The reaction flow beyond Ni has to pass through exceptionally
long lived waiting points such as 64Ge, 68Se and 72Kr, which prolongs the
energy generation leading to long tails that can nicely explain the longer burst



timescales of the order of a minute. In this picture, long bursts signal the
presence of large amounts of hydrogen at ignition. Shorter burst occur for
lower accretion rates when significant hydrogen burning occurs prior to burst
ignition, or in systems that accrete from a hydrogen poor companion star.
However, these conclusions rely on assumptions on the nuclear physics that
need to be verified experimentally [30]. At the same time, full multi zone X-
ray burst calculations with complete reaction networks up to Sb are necessary
to confirm the results and to provide accurate light curve predictions.

4 Superbursts

The rp process can explain type I bursts of up to several minutes duration
within the current uncertainties of the nuclear physics. These durations and
also the energetics are far from those of superbursts, which therefore clearly
require a different fuel.

Recently, Cumming and Bildsten [31] proposed that the rp process ashes
- a mix of carbon and heavier nuclei in the A = 64 − 106 mass range - could
serve as such a fuel if the amount of carbon is sufficient to ignite. In deed,
recent network calculations with a full rp process indicate that X-ray bursts
burn hydrogen completely. As a consequence the ashes contains carbon from
the late time fusion of helium once hydrogen is exhausted (because of the
slow 3α reaction helium burns slower than hydrogen, especially at low helium
abundance). Later, Schatz et al. (2003) [32] showed that not just the carbon,
but also the elements beyond nickel serve as fuel. After an initial carbon
flash rises the temperature above 1-2 GK, (γ,n) photodisintegration of the
somewhat neutron rich heavy nuclei (Y

e
= 0.43) followed by recapture of the

neutrons by abundant intermediate mass nuclei (A ≈ 64) triggers a rapid
photodisintegration runaway. Peak temperatures of 7 GK are reached. During
the flash carbon fuses into iron-nickel elements. At the same time, heavy
elements are quickly destroyed by (γ,n), (γ,p), and (γ,α) reactions. The free
nucleons and α particles quickly reassamble and the composition is driven into
nuclear statistical equilibrium favoring mainly 64Ni and 66Ni because of the
high densities. The net effect is the conversion of both, carbon and the heavy
elements into nickel. Of course both generates energy as the binding energy
per nucleon has its maximum around 62Ni. As a result, more than half of the
superburst energy comes from the destruction of heavy nuclei. As the greater
ignition depth leads to much longer burst timescales, this model can nicely
explain energetics, duration, and recurrence times of superbursts (see [33] for
a more popular description).



Whether or not superbursts destroy heavy elements on the surface of ac-
creting neutron stars depends on the details of the rp process ashes [32]. This
question has important consequences for the crust properties of accreting neu-
tron stars. The high impurity of a crust made of rp process ashes leads to
very low thermal and electrical conductivities. On the other hand, in systems
where superbursts burn all material, the crust would consist mainly of iron-
nickel group elements. This would be similar to the crust of isolated neutron
stars, though the impurity is still considerably larger.
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