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Abstract. All the stable lead isotopes and 209Bi have been recently measured at n_TOF [1] (CERN) in the range from 1 eV
up to 1 MeV, using an optimized experimental setup. A set of two homemade C6D6 detectors with carbon-fibre canning was
designed to greatly reduce the sensitivity to scattered neutrons. Surrounding elements like the sample holder and the sample
exchanger have been made also of carbon fibre.

The pulse-height weighting technique has been used in order to determine the (n,γ) cross sections. Concerning this
technique, special care has been taken in the treatment of several sources of error leading to a total systematic uncertainty of
less than 3%.

Results on the analysed 209Bi and 207Pb capture data and a comparison with previous experiments and evaluations are
presented.
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INTRODUCTION

Lead and bismuth capture data are important in the field
of energy production and nuclear-waste transmutation,
in order to evaluate the neutron balance in the core of an
Accelerator Driven System (ADS) with a Pb-Bi spalla-
tion target and also to account for the synthesis of 210mBi
through capture reactions, which determines the long-
term radioactivity of the spallation source.

In astrophysics, 208Pb and 209Bi represent the end
point of the s-process, which by means of (n,γ) reactions
builds around half of the isotopic abundances in the mass
region A � 56. Accurate capture data on these end-point
isotopes are required to further develop nucleosynthesis
stellar models and obtain heavy-element abundance pre-
dictions compatible with observations.

Capture in these isotopes is difficult to measure not
only due to their small cross sections but also due to the
relatively high rate of scattered neutrons that can interact
in the detector and surrounding material and mimic a
capture signal. This has been a source of systematic
uncertainty in previous experiments.

EXPERIMENT

Neutron-energy differential capture cross sections have
been determined with high resolution at n_TOF thanks
to the 185-m-long flight path and the initial sharp pulsed,
6 ns wide (RMS), 20 GeV/c proton beam that produces
the neutrons by spallation on a lead block.

The key improvement with respect to previous experi-
ments is a very low neutron sensitivity, achieved mainly
by means of innovative carbon-fibre homemade C6D6
detectors [2]. Other elements, like the sample holder and
the sample exchanger, are made also from carbon fibre.
Such a detection setup has been specially conceived for
the accurate measurement of nuclides with resonances
showing large scattering to capture ratios, which is in
general the case of the lead and bismuth isotopes.

Two carbon-fibre C6D6 detectors were placed back-
wards at �135Æ in order to minimize the effects of the
primary angular distribution in the case of 207Pb but also
to reduce detection of in-beam γ-rays, which are scat-
tered on the sample and constitute, in these particular
measurements, the main source of background.

The neutron flux was monitored in parallel to the cap-
ture measurements by centering a thin 6Li foil in the
beam a few meters before the capture sample under
study. The outgoing 3H particles from the 6Li(n,α) reac-
tion were registered by means of four Si-detectors placed
off the beam but covering a high solid angle.

1 corresponding author: cesar.domingo.pardo@cern.ch

The cross section was measured relative to the stan-
dard 4.9-eV 197Au resonance; therefore a thin Au-sample
was regularly measured during the experiment. To carry
out this normalization, the dependence of the neutron
flux against the neutron energy is also needed. This has
been determined not only with the Si-detectors men-
tioned above, but also from dedicated 235�238U fission
measurements. The flux has been finally evaluated from
both measurements, and its associated uncertainty can be
considered on average below 1% for neutron energies up
to 100 keV and increases up to�3% at 500 keV.

The (n,γ) cross section has been measured using the
Pulse Height Weighting Technique (PHWT). This is
based on the appropriate manipulation of the detector
response in order to achieve a detection efficiency in-
dependent of the nuclear γ-cascade. As has been shown
in a previous work [4], the Weighting Function depends
on the exact (n,γ) detection setup, including the sample
itself. Therefore, a complete and realistic Monte Carlo
simulation represents the only reliable method to deter-
mine it accurately.

FIGURE 1. View of the (n,γ) detection setup as is imple-
mented in the code GEANT4[5] used for the MC simulations.

Before starting with the measurement of the isotopes
of interest, part of the n_TOF beam time was dedicated
to validate and determine the systematic accuracy of
the PHWT [3]. The 1.15-keV 56Fe resonance constitutes
an ideal accuracy test for a radiative neutron-capture
measurement. This resonance is strong and well isolated,
and its capture width Γγ is about ten times larger than
its neutron widthΓn, thus becoming the radiative-capture
measurement mainly sensitive to Γn.

An exhaustive modelling of the measuring setup in the
MC simulation (see Fig. 1), together with a detailed anal-
ysis of the different sources of systematic uncertainty
like electronic threshold, summing of two or more γ-
rays, and Conversion Electrons (CE), enabled us to de-
termine the 1.15-keV 56Fe resonance cross section with
an accuracy better than 2%, which is then a good measure
of our experimental-technique systematic uncertainty.
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ANALYSIS

The present work describes the results obtained for 209Bi
and 207Pb. In the case of 209Bi, apart from the common
experimental sources of systematical uncertainty men-
tioned above (threshold, γ-summing, and CE), there ex-
ists an additional effect, which is the isomeric state at
270 keV. In a similar way as in the case of the 1.15-
keV 56Fe resonance described in [3], we estimated all
these effects utilizing the statistical model of the nucleus.
A satisfactory description of the deposited energy spec-
trum was obtained when compared with the experimen-
tal spectrum, as shown in the left part of Fig. 2. In 207Pb,
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FIGURE 2. Left: MC simulation (black line) of the pulse-
height spectrum for the 802-eV 209Bi resonance and compar-
ison with the experimental spectrum. Right: simulation of the
deposited energy spectrum for the 3-keV 2� resonance in 207Pb
and comparison with the experimental spectrum.

capture of one neutron leads to the double magic 208Pb,
which shows a very simple deexcitation pattern of only
one or two transitions to the ground state depending on
the spin and parity of the initial level. Therefore, the re-
sponse distribution was reproduced by including those
transitions in the MC simulation rather than using the
statistical model. The resulting deposited energy spec-
trum shows good agreement with the corresponding ex-
perimental one as shown in the right part of Fig. 2.

For a γ-threshold of 200 keV, the calculated yield-
correction factors are 1.046(4), 1.137(4), and 1.016(4),
respectively, for the 4.9-eV 197Au, 802-eV 209Bi, and the
3-keV 207Pb resonances. It is important to note here that
an accurate determination of the final capture yield can
only be made after correcting for these effects, particu-
larly in the case of bismuth and gold, where the correc-
tions are larger.

The neutron-sensitivity correction was negligible (be-
low 0.7%) for all the analysed resonances except for the
12.1-keV level of 209Bi. In this case the ratio Γn�Γγ �

103 required a correction of 1.5%.
The experimental yield, corrected for these ef-

fects, was analysed using the multilevel R-matrix code
SAMMY [6]. The cross sections were parameterized
using the Reich-Moore formalism and the yields cal-
culated for a given sample composition and thickness.
The main broadening in the keV region, which is due
to the atomic thermal motion, is calculated from the

temperature. Sample self-shielding, single-, and double-
neutron scattering in the sample are also accounted for
by this code. In addition, the broadening due to the
neutron-beam resolution function has been included by
means of the SAMMY-RPI parameterization. When a
good transmission measurement existed for the neutron
width, Γn, this parameter was kept fixed together with
the rest of “a priori” information mentioned above and
the value of Γγ was derived by SAMMY using the
Bayes’ theorem. In case the resonance has been only
observed in the capture measurement, then only the
value of the radiative kernel or capture area was derived
usually by fitting both Γn and Γγ .

Due to the limited statistics available, we observed 21
resonances in the case of 209Bi in the energy region be-
tween 0.8 and 23 keV. In 207Pb the number of observed
resonances was 19 in the region from 3 to 317 keV.
Despite the backwards position of both C6D6 detectors,
the in-beam γ-rays were still the main source of back-
ground, hiding most of the weaker resonances. The sit-
uation should improve very much in the future with the
eventual replacement of the water moderator of the spal-
lation target by heavy water. In this case, the in-beam
γ-rays will be highly suppressed and the associated back-
ground should become practically negligible.

In Fig. 3, fit examples are given for the two isotopes
presented in this work.
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FIGURE 3. SAMMY fit of the s-wave 209Bi resonance at
802 eV (left) and the 207Pb resonance at 37 keV (right).

RESULTS

In the case of 209Bi, most of the resonances are found
in good agreement with the previous measurement per-
formed at Geel [9] (see Fig. 4). Nevertheless, the sys-
tematic deviation for s-wave resonances at lower energy
indicates a small overcorrection of their neutron sensitiv-
ity. It is worth noting in this case the large discrepancies
found with the evaluated data files, which are based on
the first capture experiment of this isotope performed at
Oak Ridge [10]. This shows larger capture areas, mainly
for s-wave resonances, due to the higher neutron sensi-
tivity of their experimental setup, which required correc-
tions as large as �50%, with correspondingly large un-
certainties.
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FIGURE 4. Comparison of the Bi radiative kernel measured
at n_TOF versus previous experiments and evaluated files.

In the case of 207Pb, previous measurements of the res-
onance parameters or capture areas have been compared
with n_TOF [11, 12, 13, 14] (Fig. 5). The capture ar-
eas calculated from the evaluations JENDL and ENDF
and those from the compilations [7, 8] have been also in-
cluded. Beyond 100 keV, again large discrepancies are
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FIGURE 5. Radiative kernels measured at n_TOF for 207Pb
versus previous measurements and evaluated files.

found with the evaluations. In the rest of the cases the
agreement is satisfactory for almost every resonance.

According to Figs. 4 and 5, larger discrepancies have
been found in the first case (209Bi). Thus it is interest-
ing to discuss its impact on the calculations for stellar
nucleosynthesis and abundances. The relevant quantity
for that calculation is the Maxwellian Averaged Cross
Section (MACS). It determines the survival of 209Bi and
the production of the unstable 210Bi that α-decays, con-
tributing to the production of 206Pb. In Fig. 6, the 209Bi-
MACS obtained for the capture areas measured at n_TOF
is compared with that obtained from the two previous ex-
periments at Geel and Oak Ridge. The effect of these new
results should be checked by including them in an appro-
priate stellar code.
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FIGURE 6. Maxwellian-averaged cross section versus the
stellar temperature calculated for neutron-energy resonances
below 25 keV.

Another open question comes from the calculation of
the thermal-capture cross section as the sum of the tails
of the s-wave resonances. Computing it for the latest
experiments (Geel and n_TOF) one obtains a value of
σth � 24 mb, which is about 40% lower than the adopted
value of 33.8(7) mb [7]. Whether this might be due to
subthreshold resonances or a direct-capture component
remains to be investigated.

CONCLUSIONS

High-resolution measurements on 204�206�207�208 Pb and
209Bi have been performed at the CERN n_TOF facil-
ity. The results on 207Pb and 209Bi reported in this work
reflect the low-neutron sensitivity achieved thanks to the
very low-mass detection setup and elements. A system-
atic accuracy better than 3% was achieved by exhaustive
treatment of the different sources of systematic uncer-
tainties. The two figures comparing the radiative kernels
clearly suggest updating the information existing in the
evaluated libraries.
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