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Stellar cross sections of importance with respect to the termination of thes-process reaction chain have been
determined for the two cases,208Pbsn,gd209Pb and209Bisn,gd210Big, yielding kT=30 keV values ofksvl /vT

=0.31±0.2 mb and 2.54±0.14 mb, respectively. The measurements were carried out by activation of Pb and Bi
samples in a quasistellar neutron spectrum using gold as a cross section standard. With this technique the
uncertainties reported in previous works could be considerably reduced. The measurements are complemented
by a discussion of the recycling at the termination point of thes-process neutron capture chain in a 3M( and
fFe/Hg=−1.3 asymptotic giant branch star. At this metallicity, AGB stars give rise to the maximum production
of s-process lead. The sensitivity of the isotopic lead abundances is discussed with respect to the remaining
cross section uncertainties. The information obtained in this work is also of relevance for an assessment of the
a activity due to a buildup of210Po in Pb/Bi cooled fast reactor systems.
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I. THE TERMINATION POINT OF THE s PROCESS:
A CHALLENGE FOR EXPERIMENTS AND MODELS

The origin of the isotopes in the atomic mass rangeA
=204–210 can be attributed to the main neutron capture pro-
cesses, thes andr processes. Quantitative analyses are com-
plicated because both processes exhibit specific peculiarities
in this region. Further neutron captures on209Bi, the last
stables-process nucleus, into the region ofa-unstable iso-
topes result in a certain probability for recycling viaa de-
cays and a corresponding accumulation ofs-process material
beyond206Pb. Thes component is also affected by a branch-
ing at 204Tl, which causes the reaction flow to partially by-
pass thes-only isotope204Pb. Ther process contributes a
strong radiogenic component to the206Pb and207Pb abun-
dances by decays from the transbismuth region, in addition
to the primaryr-process yields in theA=206/207 chains.

The decomposition of this complex abundance pattern by
the classicals process[1–3] turned out to be difficult because
these analyses failed to account for the abundances of208Pb
and209Bi. For example, the contributions from the classicals
process and ther component obtained by assuming a smooth
r-abundance distribution in this mass range provided less
than half of the208Pb observed. For this reason, astrong
component of thes process responsible for the production of
these heavy isotopes was postulated[2] to produce the miss-
ing 208Pb and209Bi. However, a plausible astrophysical site
for this additionals process could not be identified.

A natural explanation was found when detailed stellar
s-process models were used to investigate galactic chemical
evolution [4,5]. In these studies, the strong component was
found to be associated with thes process operating in early
generation, low-metallicity, low-mass, thermally pulsing
asymptotic giant branch(AGB) stars. In light of this im-
proved picture, it becomes increasingly important to estab-
lish reliable nuclear physics data for a quantitative discussion
of the abundances at the end of thes-process path.*Electronic address: franz.kaeppeler@ik.fzk.de
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Figure 1 illustrates thes-process reaction network be-
tween Tl and Po. When the neutron capture chain reaches
209Bi, the next captures feed thea-unstable trans-bismuth
isotopes, which terminate the production of heavier nuclei
and start recycling thes-process flow to206Pb and207Pb.
These contributions, which are determined by the role of the
isomer210Bim and a possible branching at210Po, are impor-
tant for unraveling the radiogenic contributions to the isoto-
pic Pb abundances from the Th and U decays.

The Th/U cosmochronometer has attracted great interest
due to the recent determination of accurate actinide abun-
dances in old, extremely metal-poor stars[6,7]. These obser-
vations provide a chronometerindependentof models for
galactic evolution, thus avoiding one of the primary weak-
nesses of previous attempts to interpret the Th/U abundance
ratios as a cosmic clock[8]. Representing the final products
of the Th/U a-decay chains, the isotopic abundances of Pb
provide an additional constraint to consolidate the reliability
of this chronometer. In particular, thes-process production
needs to be determined self-consistently in order to separate
the remaining radiogenic contribution and the corresponding
r-process yields. For this to be done, the cross sections of the
Pb isotopes, and especially that of207Pb—ans-only isotope,
shielded from ther process by its mercury isobar—must be
accurately known because they are required to define the
s-process abundances.

A third motivation for improving the Pb cross sections is
the analysis of thes-process branching at204Tl, which deter-
mines the abundance of204Pb. This branching, which is not
affected by the recycling at the termination point, is of inter-
est because the half-life of204Tl exhibits a pronounced tem-
perature dependence[9]. Therefore, it serves not only as a
calibration of the strength of thes process at these heavy
isotopes, but also as ans-process thermometer.

At present, the status of the respective nuclear data in the
A=204–210 region is unsatisfactory. For the unstable branch
point isotopes204Tl and205Pb, only theoretical cross sections
are known. The available experimental cross sections for
204Pb and for206Pb exhibit significant discrepancies indicat-
ing that systematic uncertainties exist in the data obtained
with the time-of-flight(TOF) technique that were not recog-
nized in the respective experiments. More recent data were

reported for207Pb,208Pb, and209Bi [10,11] with uncertainties
between 9% and 14%, yet not sufficient to characterize thes
abundances with the required accuracy of<5%, which is
mandatory for reliable analyses. Moreover, TOF measure-
ments are sensitive only to capture resonances, not to the
direct capture component of the cross section. Because the
direct capture contribution is fairly large for neutron magic
nuclei, the activation technique was used to obtain experi-
mental information on this part as well. The technique out-
lined in this paper has recently been used to extend the acti-
vation measurements to higher energies[12].

We present activation measurements of thesn,gd cross-
sections for208Pb and209Bisn,gd210Big. In Sec. II we discuss
the method of the measurements and the results. In Sec. III
we incorporate these rates in thes process and discuss its
implications as well as the consequences of the remaining
cross section uncertainties. Section IV will summarize these
results with emphasis on further nuclear data needs and the
potential for meeting them.

II. CROSS SECTION MEASUREMENTS

These measurements take advantage of the activation
technique[13], which is particularly suited for determining
the very small cross sections at magic neutron numbers
where traditional time-of-flight experiments are complicated
by the enormous background from the dominant elastic-
scattering channel. This background and the related large
corrections are completely avoided in activation measure-
ments, which, therefore, represent an important complemen-
tary approach. Though this technique is limited to special
s-process conditions, it yields accurate data to be used either
directly in s-process calculations or to test the reliability of
existing time-of-flight data.

The measurements presented here differ from typical ac-
tivations; the induced activities cannot be detected via
g-spectroscopy with Ge detectors. Because the respective
product nuclei209Pb and210Big decay directly or predomi-
nantly to the ground state of their respective daughters(Fig.
2), theb-decay electrons have to be detected instead, which
requires the use of thin samples as well as a careful check for
parasitic activation of possible sample impurities. In order to

FIG. 1. The reaction network at the end of the
s-process path. Stable isotopes are indicated with
shaded boxes. Note, that the recycling effect via
the a-unstable polonium isotopes is weak. Most
of the reaction flow is trapped at208Pb and209Bi
because of the smallsn,gd cross sections of these
neutron magic nuclei. Because the isomeric state
in 210Bi is quickly depopulated to the short-lived
ground state by the hot photon bath ats-process
temperatures, itsa-decay and neutron capture
contributions are negligible.
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achieve reliable data, the corresponding loss in experimental
sensitivity must be compensated by detectors with very high
efficiency.

A. Sample preparation

The samples were prepared in two ways. All of the Bi
samples as well as one of the Pb samples were evaporated
onto thin s10–25mg/cm2d FORMVAR foils stretched over
thin aluminum rings with an inner diameter of 33 mm. The
thicknesses of the FORMVAR foils were determined prior to
the evaporation by weighing them. For the Bi targets, a high-
purity Bi metal was used in the evaporator. A 10 mm mask
together with a 25 cm separation between the boat and the
FORMVAR foil ensured that the sample was homogeneous.
Due to the relatively low melting point of Bis217.3 °Cd,
there was no difficulty in producing Bi layers between 1 and
5 mg/cm2. The evaporated Pb target was made from a highly
enriched sample of208Pb. As such, a distance of only 5 cm
was used between the boat and the sample. An initial esti-
mate of the mass of the samples was made by weighing the
FORMVAR foils (with the Al ring) before and after the
evaporation. The value used for the mass of the samples was
determined by removing the target from the holder ring and
weighing it after the experiment was completed. Targets Bi1,
Bi2, Bi3, and Pb3 were prepared in this way.

The other Pb targets were prepared by punching
10-mm-diam foils of very pure, natural Pb. The Pb foils were
weighed and then sandwiched between thin FORMVAR
foils. Lead targets Pb1, Pb2, and Pb4 were produced in this
manner.

Gold foils were used to monitor the neutron flux during
the experiment. For all of the Bi samples, a thins0.03 mmd
gold foil was placed on top of the FORMVAR foil. Because
a beta spectrum was needed for the Pb targets, an evaporated
layer of gold was used to monitor the neutron flux for all the
Pb targets. In this way, systematic uncertainties in counting
the induced activities were considerably reduced. Table I
contains all of the relevant information concerning the tar-
gets used in this experiment.

B. Activations

The neutron exposure was produced using the 3.7 MV
Van de Graaff accelerator(Fig. 3) at Forschungszentrum
Karlsruhe by exploiting the7Li sp,nd7Be reaction atEp

=1921 keV. This results in a quasi-Maxwellian energy dis-

FIG. 2. Decay schemes of209Pb and210Big illustrating the fea-
tures of the present activations.

TABLE I. Sample characteristics.

Sample
Production
technique

Isotopic
composition

Area density
smg/cm2d

208Pb samples

Pb1 punched foil naturals52.4±0.1%d 3.38±0.7%

Pb2 punched foil naturals52.4±0.1%d 2.13±1.0%

Pb3 evaporated enricheds98.7±0.3%d 1.06±2.1%

Pb4 punched foil naturals52.4±0.1%d 4.93±0.5%
209Bi samples

Bi1 evaporated natural(100%) 3.65±0.7%

Bi2 evaporated natural(100%) 5.50±0.5%

Bi3 evaporated natural(100%) 1.32±1.9%

FIG. 3. Sketch of the activation setup at the Van de Graaff
accelerator.
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tribution of neutrons withkT=25 keV. For the details of this
technique, the reader is referred to Ref.[14].

For all activations, the beam diameter was slightly larger
than the target size, so only the mass of the target was rel-
evant. Because the gold foils and samples were in direct
contact, the correction due to the difference in the solid angle
between the two was small. This effect was measured, and it
was found that a separation by 0.1 mm would cause a 1.5%
difference in neutron flux. Nonetheless, an uncertainty of
2.5% was assumed for this effect in case the sample could
have slightly separated from the gold foil during the activa-
tion.

During all the activation cycles, a6Li glass scintillator
was used to monitor the neutron flux in 1–2 min intervals.
This allows one to calculate the correction factorfb, which
numerically corrects for the decay of the induced activity
that occurs already during irradiation(for details see Ref.
[13]). The features of the various activations are summarized
in Table II.

C. Activity counting

A 4p electron spectrometer consisting of two Si(Li ) de-
tectors in close geometry was used to measure theb spectra
(Fig. 4). The entrance windows of the Si(Li ) detectors, which
had a sensitive area 16 mm diam, consisted of an evaporated

gold layer of 20mg/cm2 and were held at ground potential.
The resolution was 0.4% and 0.3% at 0.5 and 1.0 MeV elec-
tron energy, respectively. The detectors were separated by
less than 1 mm, resulting in an effective solid angle of 93.5%
of 4p. This required that the positions of the detectors and of
the sample could be reliably reproduced. For the sample this
was achieved by means of a conical guide. The Si(Li ) detec-
tors were mounted on calibrated micrometers.

During the activity measurements the spectrometer was
evacuated to 6310−6 Pa and a sluice allowed the samples to
be changed in,2 min without breaking the vacuum. The
detectors were cooled with liquid nitrogen to a temperature
of 110 K. In the relevant electron energy interval between 15
and 1000 keV, the general room background could be re-
duced to a rate of 0.49 s−1 by a lead shield. The setup was
insensitive to electron backscattering from the detectors be-
cause the signals of both detectors were summed together.
Figure 5 shows examples of the electron spectra measured
with activated Pb and Bi samples.

D. Efficiency of the electron spectrometer

The efficiency of the spectrometer was determined by
comparing theb andg activities of activated gold foils. The
respectiveg activity was measured with a high-purity Ge
detector. The efficiency of the Ge detectoreg was defined to
±1.6% using a set of calibrated sources. Theb efficiencies
were then obtained by the expression

eb = eg

s1 − e−ltgd
e−ltws1 − e−ltbd

Nb

Ng

K s1d

with the various terms denoting the efficiency of the Ge de-
tector eg, the counting time with the Ge detectortg, the
counting time with theb spectrometertb, the corresponding
waiting time between irradiation and countingtw, the decay
rate of 198Au l, and the number of observed eventsNb and
Ng.

The correction factorK represents the product of the fol-
lowing five small contributions listed in Table III.

(i) Additional free electrons are produced as conversion
electronssk1d and by Compton scattering of the 411.8 keV
g-rays sk2d. The latter contribution was measured using the
570 keV line from a calibrated207Bi source.

TABLE II. Relevant parameters of the various activations.

Run Sample
Duration

(h)
Average flux

s108 s−1d
Counting
time (h)

Counts
(threshold in keV) Signal/Bckgd

208Pb samples

1 Pb1 6.7 7.8 6.0 7410(25) 0.35

2 Pb2 5.5 10 6.0 5020(35) 0.63

3 Pb3 8.5 4.8 5.5 3020(25) 0.34

4 Pb4 6.3 6.6 6.0 9940(15) 0.93
209Bi samples

5 Bi1 35 3.9 20 110930(15) 3.3

6 Bi2 35 6.2 20 233260(15) 6.8

7 Bi3 44 6.9 15 51125(15) 2.0

FIG. 4. Schematic setup of the 4p electron spectrometer.
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(ii ) Electrons are lost due to self-absorption in the
1.1 mg/cm2 gold foils. This correctionsk3d was derived from
theoretical estimates coupled with experimental data from
the decay of210Big, a decay with similar endpoint energy.

(iii ) Because of the 15 keV threshold of the Si
b-spectrometer, a correctionsk4d was necessary to extrapo-
late the electron spectra to zero energy.

(iv) Because198Au can decay to other states in198Hg be-
sides the level at 411.8 keV while still emitting an electron,
the branching ratio of this decay is to be consideredsk5d.

The resulting detection efficiency of the 4p Si(Li ) spec-
trometer was found to beeb=0.935±0.016.

E. Data analysis and results

Following the irradiations at the accelerator, the induced
gold activities were measured via the 411.8 keVg line,
which could be detected with excellent statistics. The elec-

tron spectra showed signal-background ratios between 0.3
and 0.9 for the Pb samples and between 2 and 7 for the Bi
samples.

The spectra were stored on disk in regular time intervals
in order to check the decay curve for possible contributions
from unexpected sample impurities. For209Pb, the half-life
of t1/2=3.2 h could be perfectly reproduced, excluding such a
correction at any significant level. The corresponding check
for the half-life of the Bi samples confirmed that also in this
case the effect of possible impurities was negligible(Fig. 6).

From the data collected in the various activations,sn,gd
cross sections were evaluated by the expression

si = sAu
Ni

NAu

mAu

mi

Ai

AAu

fb,Au

fb,i

eg

eb

s1 − e−lAutcde−lAutw

s1 − e−litcde−litw
, s2d

where sAu is the gold cross section for the experimental,
quasistellar spectrum corresponding to a thermal energy of
kT=25 keV, andNAu andNi are the number of events in the
Au g spectra and in the Pb/Bi electron spectra, respectively.
Counting and waiting times are denoted bytc and tw, m are
the sample masses,A the atomic weights,e the detection
efficiencies, andfb the correction factors accounting for the
decay during the activation. The resulting cross sections are
listed in Table IV.

When plotted versus sample thickness, these data exhibit
a nonnegligible trend indicating that the calculated correction
for electron self-absorption in the sample was slightly under-
estimated. Accordingly, extrapolation to zero thickness yields
the effective cross sections for the quasistellar neutron spec-
trum

ksl s208Pbd = 0.30 ± 0.02 mb,

TABLE III. Individual correction factors for the determination
of «b.

Origin Correction factorki

Conversion electrons k1=0.995±0.001

Compton electrons k2=0.994±0.003

Electron self-absorption k3=1.015±0.008

Spectrum extrapolation k4=1.025±0.010

Intensity of 411.8 keV Au decay line k5=0.955±0.001

FIG. 5. Theb− spectra taken with samples Pb4(top) and Bi3
(bottom).

FIG. 6. The 210Bi activity vs time fits per-
fectly to the well-known half-life, excluding sig-
nificant background from activation of unex-
pected sample impurities.
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kspl s209Bid = 2.54 ± 0.15 mb,

where the latter represents the partial cross section to the
ground state of210Bi.

A final correction to these results is required because the
experimental neutron spectrum is a good but not perfect
simulation of a thermal distribution. In particular, the cutoff
at 106 keV implies that the contributions from higher ener-
gies are not included. Such contributions come from two
components, direct capture(DC) and single resonances.
While the DC part is small at higher energies, resonance data
from TOF measurements are found to imply an increase in
the 208Pb cross section by 2.7±0.6%. Hence, the final result
for 25 keV thermal energy is ksl25 keV s208Pbd
=0.31±0.02 mb. A similar correction for the partial209Bi
cross section would require more detailed data than are pres-
ently available(see below).

The result for208Pb is in very good agreement with the
time-of-flight measurement of Ref.[11], where a 25 keV
cross section of 0.32±0.03 mb was reported. This agreement
confirms that the corrections for scattered neutrons were
properly treated in this case. Excellent agreement has also
been found in the activation measurements reported by Beer
et al. [12], which were extended to higher energies.

The partial stellar209Bi cross section feeding210Big can be
compared with a recent measurement at 40 keV[15]. If a
1/v shape of the cross section is assumed, the reported value
of 2.08±0.23 mb is in very good agreement with the present
result. The total reaction cross section has been determined
in time-of-flight experiments. In a first attempt[16], data
obtained in a limited energy range were used to renormalize
previous cross sections, which obviously suffered from un-
derestimated corrections for scattered neutrons. The resulting
25 keV average was found to be 1.8 mb, less than the partial
cross section obtained in this work. A second high-resolution
measurement[10] was performed with the same setup that
was used for the208Pb experiment[11], where the correc-
tions for scattered neutrons were better understood. The
25 keV average reported for the totalsn,gd cross section of
2.85±0.45 mb differs very little from the partial cross sec-
tion to the ground state, in striking contrast to the situation
for thermal neutrons, where the feeding probability of the
ground state was only 72%[17] or even less[18].

This might result from the fact that a large fraction of the
capture strength is to be attributed to narrowp-wave reso-
nances. In fact,210Bi is in the mass region where thel =1
g-ray strength function is at a maximum[19]. Consequently,
if some of the narrowp-wave resonances are missed in dif-
ferential measurements, part of the strength is lost. This situ-
ation does not apply to activation measurements. In the
present case, because of the wide neutron energy range cov-
ered, the strength of all partial waves is included automati-
cally.

This aspect is of relevance for the activity inventory in
future advanced hybrid reactors, which will presumably be
cooled with liquid Pb/Bi eutectic. As shown in Fig. 1, neu-
tron captures on209Bi feed either the short-lived ground state
and ultimately thea-emitter 210Po with a half-life of 138 d,
or the long-lived isomer210Bim, which is a-unstable with a
half-life of 33106 yr. Accordingly, the neutron capture cross
section of 210Bi determines the short-term as well as the
long-term hazards in Pb/Bi cooled fast reactor systems.

F. Discussion of uncertainties

The efficiency of the Si(Li ) detection system was mea-
sured with204Tl sE0=763.5 keVd and 89Sr sE0=1.47 MeVd
point sources. The related uncertainty was essentially deter-
mined by the activity of the calibration sources±1.5%d and
by the correction for an extended source. Minor contribu-
tions to the final uncertainty of ±1.6% were due to the de-
tector positions as well as to the correctionski discussed
before.

Because an electronic threshold between 15 and 35 keV
was needed in analyzing the electron spectra, an additional
correction for the extrapolation to zero energy must be in-
cluded. In the case of Pb, the uncertainty in the extrapolation
was 2.0%, whereas for Bi it reduced to only 1.0% due to a
higher end-point energy.

The uncertainty of the neutron flux was governed by un-
certainties in positioning of the samples during the irradia-
tions. In particular, any slight deformation of the FORMVAR
foil could have affected the relative position with respect to
the Au reference sample. This effect was studied experimen-
tally with the evaporated gold samples. Based on these re-
sults a 2.5% uncertainty was attributed to the uncertainty in
the sample position.

Another correction had to be made for the fact that the
neutron spectrum was not a true Maxwell-Boltzmann distri-
bution, mostly due to the cutoff at 106 keV. This gives rise
to uncertainties when the cross section shape of the material
being measured is not the same as that of the197Au standard.
The correction for this difference adds an 0.6% uncertainty
to the 1.5% uncertainty attributed to the197Au cross section
itself [14].

The final corrections for electron self-absorption in the
sample, which were obtained from the linear decrease of the
cross section with sample thickness are listed in Table V.

III. IMPLICATIONS OF REACTION RATES FOR s
ABUNDANCES IN THE Pb ABi region

In this section, thes-process production of the lead and
bismuth isotopes will be discussed on the basis of the present

TABLE IV. Experimentalsn,gd cross sections.

Run Sample Cross section(mb)

208Pb samples

1 Pb1 0.265±0.015

2 Pb2 0.292±0.016

3 Pb3 0.292±0.015

4 Pb4 0.269±0.012
209Bi samples

5 Bi1 2.46±0.10

6 Bi2 2.27±0.10

7 Bi3 2.45±0.10
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results and the previously available cross section data. Start-
ing from a present best set of input data, this discussion aims
at assessing the effect of the remaining nuclear physics un-
certainties on the specific astrophysical problems related to
this particular mass region.

A. Stellar „n ,g… rates

The stellar cross sections in the mass region from203Tl to
210Po, which are of direct relevance for this study, are listed
in Table VI for a range of thermal energies. In this table the

present results are complemented by data from the compila-
tion of Ref. [20]. As far as the respective uncertainties are
concerned, one finds that the 5% accuracy commonly re-
quired for reliables-process abundance predictions, which
had been met only for206Pb [21,22], have also been reached
by the present results for208Pb and209Bi. Further efforts,
preferentially based on advanced techniques and/or on differ-
ent facilities, are, therefore, necessary to improve or to con-
firm previous TOF results in this mass region, where the
sn,gd cross sections are strongly influenced by nuclear struc-

TABLE V. Uncertainties(in %) of the individual activations. For several of the samples, no uncertainty is
listed for theg-detection efficiency because, in these cases, the activity of the gold foils was measured with
theb spectrometer. Since the activations for the209Bi samples were much less than one day, thefb factor can
be neglected.

Source of uncertainty

208Pbsn,gd209Pb 209Bisn,gd210Big

Pb1 Pb2 Pb3 Pb4 Bi1 Bi2 Bi3

Sample mass 0.7 1.0 2.1 0.5 0.7 0.5 1.9
197Au mass 0.2 0.2 0.2 0.2 0.2 0.2 0.2
197Au cross section 1.5 1.5 1.5 1.5 1.5 1.5 1.5

g-detection efficiency 1.6 1.6

b-detection efficiency 2.5 2.5 1.6 1.6 1.6 1.6 1.6

Eb=0 extrapolation 2.0 2.0 2.0 2.0 1.0 1.0 1.0

Neutron flux 2.5 2.5 2.5 2.5 2.5 2.5 2.5

Decay during irradiation,fb 0.5 0.5 0.5 0.5

Isotopic enrichment 0.1 0.1 0.3 0.1

Counting statistics 2.8 2.7 2.5 1.8 0.4 0.3 0.5

Background subtraction 1.0 1.0 1.0 1.0 2.0 2.0 2.0

Total uncertainty 5.6 5.6 5.2 4.5 4.1 4.1 4.5

TABLE VI. Stellar cross sections in the Tl to Po region(data from this work and from Ref.[20]). All values are in mb.

Reaction

Thermal energy(keV)

Comment5 10 15 20 25 30 40 50

203Tlsn,gd204Tl 330 307 214 167 140 124±8 93 76 expt
204Tlsn,gd205Tl 874 412 317 269 238 215±38 183 161 calc
205Tlsn,gd206Tl 102 89 74 65 58 54±4 46 40 expt
204Pbsn,gd205Pb 168 139 118 105 96 90±6 80 73 expt
205Pbsn,gd206Pb 604 268 197 162 140 125±22 104 91 calc
206Pbsn,gd207Pb 25.5 23.4 21.0 17.3 16.2 15.8±0.8 15.1 14.3 expt
207Pbsn,gd208Pb 13.9 12.3 12.3 11.6 10.7 9.7±1.3 8.1 6.9 expt
208Pbsn,gd209Pb 0.06 0.12 0.20 0.27 0.32 0.36±0.04 0.39 0.41 expt

0.31±0.02 this work
209Bisn,gd210Big 2.54±0.14 this work
209Bisn,gd210Bi 11.3 6.1 4.3 3.4 2.9 2.7±0.5 2.5 2.3 expt
210Bisn,gd211Bi 18 10 8 7 7 6 5 5 calc
210Posn,gd211Po 3.3±3 calc
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ture effects due to the proximity of closed neutron and proton
shells.

In this context it is worth noting that the cross sections of
the two unstable branch point isotopes,204Tl and205Pb, could
be studied experimentally, provided that suitable samples be
made available. This would be an important improvement
compared to the procedure adopted in Ref.[20], where theo-
retically calculated Hauser-Feshbach rates are normalized to
the experimental values of neighboring isotopes.

B. s-process contributions to Pb and Bi

As recalled in Sec. I, sufficient production of the heaviest
isotopes at the end of thes-process path represented a major
difficulty in the classicals-process model. The persistent un-
derproduction of208Pb and209Bi by about a factor of two led
to postulating astrongcomponent tailored to account for the
missing abundances. However, this strong component could
not be linked to any plausible astrophysical site. The solution
to this problem was not related to a separates process, but
appeared naturally from the standards-process operating in
low-metallicity, low-mass, thermally pulsing AGB stars
[5,23].

The resultings-process abundances are yet not accurate
enough for quantitative analyses related to the branchings at
204Tl and205Pb or to the U/Th cosmochronometer[24]. How
much of this problem relates to the remaining cross uncer-
tainties will be discussed in Sec. III C.

C. Sensitivity studies in the Pb/Bi region

The s-process abundances of the Pb and Bi isotopes ex-
hibit a strong dependence on metallicity with a maximum
production efficiency aroundfFe/Hg<−1 (see Figs. 1 and 2
of Ref. [5]). The spectroscopic notation is defined as the
logarithmic abundance ratio Fe/H relative to the solar value,
fFe/Hg=logsFe/Hd−logsFe/Hd(. For example, the produc-
tion factors of 208Pb during He shell burning in low- and
intermediate-mass AGB stars exceed the respective values
for solar metallicity stars by two orders of magnitude. This
enhanced efficiency is clearly reflected in the Pb abundances
observed in somes-enriched metal-poor stars and must be
considered in constraining galactic chemical evolution[25].

Therefore, a low-metallicity model star with 3M( and
fFe/Hg=−1.3 was chosen to investigate how the finals
abundances in the Pb/Bi region are affected by the presently
remaining cross section uncertainties. This study was carried
out by successive variation of the cross sections of all iso-
topes affecting the Pb abundances, including that of the
branch point isotope204Tl.

This analysis is illustrated in Fig. 7 at the example of the
standard case based on the cross sections listed in Table VI.
The figure shows thes-process production factors for the
Tl-Pb-Bi isotopes during the 25th thermal pulse in our 3M(,
fFe/Hg=−1.3 model star. All values are normalized to the
final 204Pb abundance. Isotopes, which are not part of the
branching at204Tl, exhibit only small abundance variations
throughout the entire thermal instability, whereas strong
variations are observed for isotopes withA=204 and 205,

reflecting the pronounced changes of temperature and neu-
tron density during the He-shell flash[23].

A good example in this respect is thes-only isotope204Pb.
Between He shell flashes, the production of204Pb is mar-
ginal. In this phase, when the major13C neutron source op-
erates at temperatures around 108 K, the half-life of 204Tl is
determined by the ground state decayst1/2=3.26 yrd so that
neutron capture to204Tl dominates overb decay. During the
comparably brief He shell flash episode shown in Fig. 7,
temperatures ofT<33108 K are reached. Under these con-
ditions, the204Tl decay rate is enhanced by more than two
orders of magnitude[9], resulting in a strong feeding of
204Pb.

In the sensitivity analysis for theM =3M(, fFe/Hg=
−1.3 model star, the cross sections were modified one by one
assuming uncertainties of 30% for the stable and 50% for the
unstable isotopes involved. For each of these modifications,
the s-process production factors are listed in Table VII; all
normalized to the standard case.

The abundances of206Pb and207Pb exhibit the typical
s-process behavior, i.e., they are scaling with the inverse of
their sn,gd cross sections. This means that these abundances
are, at most, weakly dependent on a particulars-process
model. As noted in Ref.[24] these two isotopes are particu-
larly suited for constraining ther-abundance predictions re-
quired for deriving the U/Th ages of metal poor halo stars.
In contrast, the208Pb abundance shows almost no response to
the assumption of a smaller cross section. However, the re-
duction affects the209Bi abundance because more of the re-
action flow is trapped already by208Pb. In any case, the very

FIG. 7. Production factors for the Tl-Pb-Bi isotopes during the
25th thermal pulse in a 3M( star with fFe/Hg=−1.3. The data are
normalized to the final204Pb abundance.
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small sn,gd cross sections of208Pb and of209Bi imply an
almost complete absorption of the reaction flow. Hence, ad-
ditional contributions to the206Pb and207Pb abundances due
to recycling from the region ofa-unstable nuclei beyondA
=209 are negligible. Also the cross sections of the unstable
branch point isotopes204Tl and 205Pb have little impact on
the abundances of the stable Pb isotopes.

According to the status summarized in Table VI, the sen-
sitivity study shows that the actual present cross section un-
certainties give rise to uncertainties of about 7%, 6%, 19%,
and 6% in thes abundances of204Pb,206Pb,207Pb, and208Pb,
respectively. Apart from207Pb, the quality of the cross sec-
tions are almost satisfying the request that thes abundances
should be affected by less than 5% uncertainty contributions
due to the nuclear physics input. The good agreement of the
present activation measurement on208Pb with the results of
the corresponding TOF measurement indicates that system-
atic uncertainties seemed to be realistically evaluated in the
latter case. Nevertheless, further improvements are certainly
important if the Pb abundances are to be used to constrain
astrophysical models via theA=204/205 branchings or the
termination effect of the neutron magic isotopes withN
=126.

This is certainly also true for refined analyses of the U/Th
clock discussed in Ref.[24]. Since thes abundances of206Pb
and 207Pb are robust with respect to uncertainties in the
s-process models, theirr components are defined by subtrac-
tion from the solar values,Nr =N(−Ns. Theser abundances
consist of two fractions, the radiogenic part due to the U/Th
decay and the part from the decay of the primaryr-process
yields atA=206 and 207. According to the abundance tables
of Arlandini et al. [26], the s process accounts for 58% and
64% of the solar206Pb and207Pb abundances, respectively.
The s abundances in Ref.[26] were adopted from an AGB
model of half solar metallicity, which was shown to best
reproduce the main component in the solar system. To repro-
duce the strong component, one must consider that the major
s contribution to solar208Pb actually derives for AGB stars of
about 1/10 solar metallicity[27]. According to the Galactic
Chemical Evolution(GCE) study of Travaglioet al. [5] the
contributions from all previous generations of AGB stars to

the 204Pb and206Pb abundances at the epoch of solar system
formation are 96% and 63%, quite close to the Arlandiniet
al. predictions of 94% and 58%, whereas the corresponding
values for 204Pb, 208Pb, and209Bi are significantly larger
(82%, 95%, and 19% instead of 64%, 34%, and 5%, respec-
tively).

Neglecting all uncertainties but those of the present cross
section data, one obtains 37±6% and 18±18% for ther
components of206Pb and207Pb with respect to solar. With
better cross section data, these values could be determined
with improved uncertainties of less than 10%. This step
would be instrumental for a stringent test of ther-process
calculations required in evaluating the U/Th ages of metal-
poor halo stars.

In this context the radiogenic Pb/Bi abundance ratios in
these stars could possibly be used as an independent test,
provided (i) that the abundance uncertainties originating
from the cross section data must be significantly smaller than
the contributions from the primaryr-process yields,(ii ) that
model predictions for the dominants abundance of208Pb are
well under control, and(iii ) that the accuracy of the lead
abundances in halo stars can be improved to match the qual-
ity of the U/Th data. The first point clearly calls for im-
proved cross section data, in particular, for207Pb.

IV. SUMMARY AND OUTLOOK

The activation technique has been used to measure the
very smallsn,gd cross section of208Pb as well as the domi-
nant partialsn,gd cross section of209Bi leading to the ground
state of210Bi at astrophysically relevant energies with uncer-
tainties around 6%. In both cases, the activation technique
provides firm information on the direct capture component,
which contributes a major part of these cross sections, but
cannot be detected in time-of-flight experiments.

These results together with previously reported cross sec-
tions [20] were used to investigate thes-process abundances
in the Tl/Pb/Bi region for the asymptotic giant branch phase
of a 3M( and fFe/Hg=−1.3 model star. The aim of this
study was to analyze the branchings atA=204/205, the re-

TABLE VII. Sensitivity of the s-process production factors of the Tl-Pb-Bi isotopes with respect to
variations of the relevant stellar cross sections.

Isotope
with cross section factor

s production factorsa

203Tl 205Tl 204Pb 206Pb 207Pb 208Pb 209Bi

203Tl 30.7 1.38 0.97 0.96 0.99 0.99 1.00 1.00
204Tl 30.5 1.00 1.00 1.12 1.01 0.99 1.00 1.00
205Tl 30.7 1.00 1.27 1.00 1.03 1.00 0.99 0.99
204Pb30.7 1.00 0.93 1.25 0.98 1.00 1.00 1.00
205Pb30.5 1.00 1.40 1.00 0.95 0.99 1.00 1.00
206Pb30.7 1.00 1.00 1.00 1.33 0.99 0.98 0.97
207Pb30.7 1.00 1.00 1.00 0.99 1.42 0.97 0.96
208Pb30.7 1.00 1.00 1.00 0.95 0.97 1.02 0.71
209Bi 30.7 1.00 1.00 1.00 0.97 0.99 1.00 1.17

aRelative to the standard case forM =3M(, fFe/Hg=−1.3.
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cycling effect from thea-unstable region beyond209Bi, and
to constrain ther-process components of the isotopic Pb
abundances. This was carried out by means of a detailed
reaction network at thes-process end point, including the
complex competition between neutron captures and a num-
ber ofb anda decays. As an important aspect, the sensitivity
of the calculateds abundances on the uncertainties of the
stellar sn,gd rates was also considered in this study.

It was found thata recycling from the trans-bismuth re-
gion is almost negligible because the reaction flow is mostly
trapped by the very small208Pb cross section. An unbiased
decomposition of thes andr components can be achieved for
206Pb and207Pb, whereas the other Pb isotopes may be af-
fected by the underlying stellars-process model and must,
therefore, be treated in a more comprehensive way. Never-
theless, the present findings indicate that ther components of
the Pb isotopes can be determined with the required accuracy
for constraining the calculatedr-process abundance distribu-

tions in analyses of the U/Th ages of very metal-poor halo
stars.

While preliminary arguments can already be based on the
existing cross section information, a detailed quantitative
discussion requires more accurate data. Hence, further efforts
should be directed to improved cross section measurements
aiming at uncertainties of,5%.
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