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Abstract

Neutron cross sections are of relevance for a variety of nucleosynthesis sce-
narios, from the Big Bang, during the He burning phase of istellar evolution up
to supernova explosions. Following a brief discussion of the existing data base
this contribution is focussed on the remaining requests for a comprehensive de-
scription of neutron capture nucleosynthesis.

1 Introduction

Practically all elements heavier than the Fe/Co/Ni group have been produced in
neutron reactions, either in the slow neutron capture process (s process) that occurs
during stellar He burning or in the rapid (r) process which is associated (presumably)
with supernova explosions. Both processes are distinguished by their characteristic
time scales compared to typical /5-decay half-lives. An additional small abundance
contribution comes from the p process in supernovae, which accounts for the rare
isotopes on the proton rich side of the stability valley as a result of explosive Ne/O
burning.

The s process is characterized by temperatures of several hundred million degrees
corresponding to the conditions of the related He burning scenarios. The relatively low
neutron densities of ~108 cm""3 imply neutron capture times between a few months and
a few years, slow compared to the average /3-decays. Accordingly, the reaction path
follows the stability valley and involves mostly the stable isotopes in the mass region
between H and Bi. Accordingly, a comprehensive data base has been established by
now, based on a large number of experimental results. These data allow quantitative
studies of the observed s-process abundances as well as sensitive tests of currently
proposed stellar models. The remaining gaps and deficiencies of this data base are
discussed in Sec. 3.

In the Big Bang, neutron reactions occur under a similar temperature regime
though at much higher neutron densities. Therefore, the cross sections for describing
the origin of the lightest isotopes up to 7Li are required in the same energy window as
for the s process. (For cross section requests see contribution by M.S. Smith).
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In contrast to the s process, explosive nucleosynthesis implies an extended reaction
network off the stability valley, comprising thousands of reactions between unstable
nuclei. Neutron reactions are mostly important during the rapid decline of temper-
ature and density at the end of the explosive episodes, i.e., during freeze-out of the
respective abundance distributions. Since the freeze-out occurs before the /3-decay
chains have reached the stable nuclei, such calculations have to rely on theoretical
reaction rates obtained by statistical model approaches. These models, however, need
to be tested and improved by comparison with experimental data.

2 Stellar Cross Sections

In astrophysics, experimental cross section data have to be converted into proper
averages over the thermal velocity distribution in the stellar plasma. The stellar rate,
\j,k, for reactions between two particles j , k (e.g. proton, neutron, or alpha capture
processes on heavier mass particles) can be derived by the convolution between the
energy dependent reaction cross section a(E) and the Maxwell-Boltzmann distribution
of the interacting particles,

8 11/2 r°°
— (kT)'3/2 Eaj>k(E)-exp(-E/kT)dE, (1)
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which depends on particle energy E, stellar temperature T, and the reduced mass of
the target projectile system /JL.

For neutron induced processes Maxwellian-averaged cross sections (a) are com-
monly given instead of reaction rates. These are denned as

/ \ = M = 2 Jg°(j(En)EneKp(-En/kT)dEn

vT ^ j ~ En exp(-En/kT) dEn ' U

where En — Enjab(A/(A +1)) is the total kinetic energy in the center-of-mass system,
En,iab is the laboratory neutron energy, and VT = \J2kT/ fj, is the mean thermal velocity.
Typical thermal energies for neutron capture nucleosynthesis range from kT = 8 keV
during the s process to about 100 keV for the freeze-out phase of the explosive r- and
p-process scenarios [1]. Accordingly, neutron cross sections are required over an energy
interval from 0.1 to 500 keV.

Under stellar conditions, the Maxwellian-averaged cross sections of a number of
isotopes have to be corrected by a temperature-dependent stellar enhancement factor

(a\star

SEF(T) = ̂ p~. (3)

which accounts for neutron capture on excited states in thermally equilibrated nuclei.

3 Neutron Cross Section Data for the s-Process

Since the duration of the s-process episodes are sufficiently long, reaction flow
equilibrium is established over almost the entire mass range from Fe to Bi. This has
the consequence that the resulting s abundances are inversely proportional to the
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respective stellar (11,7) cross sections. The only exceptions from this behavior are the
neutron magic nuclei, since their small capture cross sections act as bottle necks for the
reaction flow. Accordingly, (11,7) cross sections are essential for quantitative s-process
studies, for deriving the abundance pattern as well as for characterizing the reaction
flow.

Because the s-process path follows the stability valley, the involved isotopes are
easily accessible to laboratory experiments and have been determined with increasing
accuracy. This reliable data base opens the possibility for detailed investigations not
only of the gross properties of the s process (abundances, overall neutron exposure, seed
nuclei) but even of the physical conditions at the stellar site (analyses of branchings in
the reaction path). Hence, the s process provides a direct link between experimentally
measured nuclear physics data and quantities related to the stellar environment: an
ideal tool for testing the yet uncertain stellar models of the Red Giant stage.

Depending on the particular problem, cross section uncertainties of less than 2%
are required for meaningful analyses. This is particularly stringent for cases where
accurate abundance information is available, i.e. for isotopic patterns of elements with
pure s nuclei, the well defined elemental abundances of the rare earth elements, and
the wide new field of pure s material identified in stellar dust grains which survived
in meteorites [2].

The current status of these important data [3] is illustrated in Fig. 1 showing
the stellar (n,7) rates between Fe and Pb for a characteristic thermal energy of kT =
30 keV. Significant progress in experimental techniques in the last decade has led to
increasingly accurate data. This is evident from the fact that many of the data points
exhibit uncertainties smaller than the ±4%, indicated by the size of the symbols in
Fig. 1, even in the deep minima at magic neutron numbers. Many of the more re-
cently reported measurements helped to resolve discrepancies among previous results.
Nevertheless, additional and more precisely measured cross sections are still needed,
i.e. in the mass region from Mo to Pd where large uncertainties persist. In some cases,
experimental data are yet missing, namely for isotopes of Ge and Se. Until recently,
this was also true for the important s-only nuclei 128Xe, 130Xe, and 192Pt. Meanwhile,
first measurements on th latter isotopes have been completed and are under analysis.
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Figure 1: The 30 keV Maxwellian-averaged (11,7) cross sections along the s-process
path. Experimental and theoretical data are indicated by black and open symbols,
respectively. In the left panel, the solid lines connect isotopes of the same element.
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Experimental techniques have been improved with respect to accuracy, sensitiv-
ity, and spectroscopic quality. An impressive example for the accuracy that can be
presently achieved are the difficult measurements of the small stellar (n,7) cross sec-
tions of the barium isotopes, where a consistent data set could be established [4] from
three independent experiments with final uncertainties of about 3%. This case illus-
trates that different techniques [5, 6, 7] can agree within the quoted uncertainties, and
that the overall quality of the data can be improved by combining complementary
methods. Even smaller uncertainties of typically 1% were achieved in experiments
with the Karlsruhe 4TT BaF2 detector (see e.g. [8, 9]).

Experiments of high sensitivity permit the study of small cross sections and of
cases where only small samples could be used. This includes time-of-flight (TOF)
measurements on light isotopes, e.g. the very small (11,7) cross sections of 12C [10] and
16 O [11], which show the importance of the direct capture (DC) mechanism in this
mass region. Also, determination of the small cross sections of neutron magic nuclei
could be improved by high-resolution TOF measurements, e.g. on 138Ba and 208Pb
[12] as well as by series of activation measurements [13, 14].

The standard activation method has been extended by the fast cycling technique
[15]. With this new method, which can be used to investigate short-lived residual
activities with half-lives down to 1 s, the small cross sections of light neutron-rich
isotopes from 14C to 50Ti were successfully determined [16]. The excellent sensitivity
of the activation technique also allowed a first measurement of the (n,7) cross section
of 155Eu, a radioactive branch point nucleus with a half-life of less than 5 yr [17].
The main difficulties of such measurements, namely the high 7-background due to
the sample activity, the radiation hazards related to sample handling, and the fact
that suitable samples are not easily available, can be considerably reduced in activa-
tion measurements where samples of about 100 ng or some 1014 atoms are sufficient.
Therefore, such studies could benefit from future radioactive ion beam facilities where
intensities of 109 s~l allow the production of appropriate samples within a few hours,
presumably with considerably better purity than can be achieved by radiochemical
methods.

For the first time neutron capture events leading to isomeric states could be identi-
fied in a TOF experiment covering the keV region. Due to the good energy resolution
of the Karlsruhe 4TT BaF2 detector, capture 7-ray cascades to the ground and isomeric
states could be distinguished in several Yb isotopes by their different sum energies [8],
a novel feature that was not available to previous techniques using Moxon-Rae detec-
tors or the pulse height weighting method. The spectroscopic quality of these new
experiments will allow the study of important effects of long-lived isomers on some s-
process abundance patterns, since these are determined by the respective partial cross
sections. Moreover, these data are also useful as tests of the 7-decay spectra predicted
by statistical model calculations.

The present status of (11,7) data for the s process is summarized in Fig. 2 showing
the respective uncertainties over the mass range from H to Bi. From this figure two
main conclusions can be drawn:
(i) Experimental techniques have reached a stage where the 1% accuracy level required
for meaningful analyses of particular abundance patterns has been met.
(ii) This quality has been achieved so far only for a minority of the relevant isotopes.
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Figure 2: Experimental uncertainties of the stellar (n,7) cross sections at s-process
temperatures (kT=30 keV). Note that the mass region below A=120 requires sub-
stantial improvement.

4 Neutron Data for Explosive Scenarios

Nucleosynthesis in explosive scenarios occurs off the stability valley. The rapid
neutron capture process (r process) presumbly related to supernova explosions or neu-
tron star mergers (see contribution by S. Goriely) is characterized by neutron densities
in excess of 1022 cm""3 and temperatures of about 1 to 2 billion degrees. Accordingly,
neutron captures are much faster than /5-decays, resulting in a reaction path close to
the neutron drip line. The contributions from the r process equal approximately those
from the s process and constitute about 50% of the isotopic abundances between Fe
and Bi as well as all of the actinides.

The remaining rare isotopes on the proton rich side of the stability valley are
assigned to the p process, which is assumed to take place in type II supernovae. The
shock wave of the explosion heats the outer zones and ignites explosive burning of
the Ne/O layer leading to temperatures of up to 3 billion 'degrees. At this point,
the thermal photon bath becomes hot enough to photodesintegrate the preexisting s
isotopes in this region, and hence to produce the proton-rich nuclei.

In contrast to the comparably stable situation of the s process, the complex explo-
sive nucleosynthesis scenarios imply huge reaction networks including several thousand
reactions. So far, the respective reaction rates have been exclusively obtained by sta-
tistical model calculations, which could only be tested by experimental data for stable
nuclei. In order to verify the necessary extrapolation to the region of unstable nuclei,
experimental data for as many unstable isotopes as possible would, therefore, be highly
desirable.
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5 Recommendations

5.1 Data for the s Process

The persisting data needs for quantitative s-process analyses concentrate on re-
quests for (n,7) measurements in the following areas:

• All s-only nuclei, since these are the key isotopes for any s-process investigation
including the analysis of the s-process branchings. The s-process branchings
are important because they provide direct clues with respect to stellar neutron
density, temperature, and pressure and allow to characterize the He-burning
zones, where the s process actually takes place. So far, the necessary accuracy
of 1% has been reached only for half of the 33 s-only nuclei between 70Ge and
204pb

• Elements for which isotopic anomalies have been found in meteoritic inclu-
sions. These signatures are characteristic of specific nucleosynthetic processes
and should be investigated with particular emphasis. For this purpose, the cross
sections have to be determined with uncertainties of 1% for decoding the full in-
formation contained in the respective abundance patterns. However, the present
status is far from being adequate, particularly for the lighter elements oxygen,
neon, magnesium, silicon, calcium, titanium, and zirconium. In this group, data
for about 70 isotopes have to be determined.

• Nuclei at or near magic neutron numbers N=50, 82, and 126, which act as
bottlenecks for the reaction flow in the main s-process region between Fe and
Bi. These data should be known with uncertainties of better than 3%.

• Abundant light isotopes below Fe, which may constitute crucial neutron poisons
for the s-process. Of particular importance are 16O, 18O, and 22Ne.

• Nuclides for which the DC process contributes a significant fraction of the astro-
physical reaction rate. For example, two thirds of the 208Pb s-process (n,7) rate
is due to direct capture which is very difficult to detect in TOF measurements.
Similar cases with significant DC contributions are 14C, 16O, 88Sr, and 138Ba.

• Nuclei with as yet unmeasured cross sections. These gaps in the experimental
data, as well as the uncertain cross sections of numerous nuclei, especially in the
mass region below Fe, around A=100, and near the end of the s-process region
from Pt to Bi should be determined to the 5% level.

• Last, but not least, enhanced efforts should be directed to measurements of
unstable nuclei of relevance for the reliable interpretation of the branchings in
the s-process reaction path. In addition to the activation technique, the very
high neutron fluxes available at spallation neutron sources appear to be promising
options for such studies [18, 19]. From a list of possible measurements, priority
should be given to the important branch points 79Se, 147Pm, 151Sm, 163Ho, 170Tm,
171Tm, 179Ta, 204Tl, and 205Pb. These cases are of immediate relevance to s-
process analyses and should not present unexpected experimental problems.



-67-

Besides the total (n,7) cross sections listed above, partial cross sections leading
to long-lived isomers are important for several branchings. A well-known example is
the population of the 10.8 yr isomer in 85Kr, which determines the probability for
neutron captures to the neutron magic isotope 86Kr. So far, this partial cross section
has been determined by activation for a particular thermal energy only. Therefore,
complementary TOF measurements with a 4?r 7-detector such as the Karlsruhe BaF2

array are important for determining the energy dependence of partial cross sections.
This information is crucial for describing the branching pattern in the complex He
burning scenarios suggested by stellar models.

Elastic and inelastic scattering data for a variety of isotopes are definitely needed
for establishing a quantitative set of stellar enhancement factors, in analogy to the
treatment of the Os isotopes [20, 21].

Finally, the neutron producing reactions in the s process, i.e. the (a,n) reactions on
13C and 22Ne, have to be improved considerably. Both cross sections exhibit large un-
certainties and are not yet directly measured in the relevant stellar energy range. The
best way for extrapolating the existing data to stellar energies is to combine as many
reaction channels as possible in an R-matrix analysis. Accordingly, measurements of
the (n,o;)-cross sections of 16O and 25Mg would provide a significant contribution to
this problem.

Parallel to the efforts for completing the experimental data base, necessary im-
provements on the theoretical side would include the following:

• Local systematics of nuclear properties relevant to the calculation of astrophysi-
cal reaction rates close to the stability valley should be extended. This includes
level density systematics (and the energy dependence of parity distributions),
parametrization of giant dipole resonance (GDR) widths and energies, and neu-
tron potentials. Experimental data should be obtained and then described in
simple, phenomenological models, taking into account a possible extrapolation
towards very neutron-rich nuclei.

• The consistent treatment of SEFs and superelastic scattering should be empha-
sized by using elastic and inelastic scattering data.

• Efforts towards improved microscopic calculations of relevant properties, such
as masses, shell and microscopic corrections for level density calculations, level
schemes, and optical potentials should be intensified.

• Comprehensive DC cross sections should be calculated based on systematics of
neutron optical potentials for DC and of scattering phase shifts. Also spectro-
scopic factors and information on nuclear levels, either from microscopic models
or from experiment are important in this context.

5.2 Neutron Data for Explosive Nucleosynthesis

In r-process calculations, neutron cross section data have a direct impact for sce-
narios with comparably low neutron densities as well as during freeze-out, where they
contribute to smoothen the pronounced odd-even effects predicted for the primary
yields. In principle, several unstable nuclei on the neutron-rich side of the stability
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valley could be studied experimentally, e.g. 90Sr, 123>126Sn, 182Hf, 226Ra, and a number
of higher actinides.

Similarly, such data would clearly improve the description of freeze-out effects
in the p process, where neutrons are liberated by (7,n) reactions during the explosive
burning of the Ne/O shell. The strong impact of these reactions on the final abundance
distribution has already been demonstrated [22]. Furthermore, (11,7) cross sections of
proton-rich nuclei would be most useful in determining the inverse rates by detailed
balance. Experimentally feasible cases include about 25 unstable isotopes between
53Mn and 202Pb.

Apart from measurements on unstable nuclei, even data for stable isotopes are
urgently required for improving the reaction rates used in explosive nucleosynthesis.
In particular, complete data sets for long isotope chains are important for testing the
results obtained by statistical model calculations and to verify the necessary further
extrapolation to the region of unstable nuclei. This means that stellar (11,7) cross
sections should be determined also for all r- and p-only nuclei.

At this point it should be mentioned that there are only very few experimental
(p,7) and (01,7) cross sections at astrophysically relevant energies in the mass region of
the p process. This holds for stable isotopes, not to speak of data on unstable nuclei.

Especially, the (a,j) and (a,p) rates represent significant nuclear physics uncer-
tainties in understanding the p-process abundances. Since direct (a/y) and (a,p)
measurements are difficult and time-consuming, the calculated rates are poorly con-
strained by experimental data. In particular, the o-nucleus potential used in statistical
model calculations seems to be rather uncertain. A series of (n,o;) measurements at
astrophysically meaningful energies could help to solve this persisting problem.
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