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The neutron-capture cross sections of 168Yb, 180W, 184Os, 190Pt, and 196Hg have been measured by means
of the activation technique. The samples were irradiated in a quasistellar neutron spectrum of kT = 25 keV,
which was produced at the Karlsruhe 3.7-MV Van de Graaff accelerator via the 7Li(p,n)7Be reaction. Systematic
uncertainties were investigated in repeated activations with different samples and by variation of the experimental
parameters, that is, irradiation times, neutron fluxes, and γ -ray counting conditions. The measured data were
converted into Maxwellian-averaged cross sections at kT = 30 keV, yielding 1214 ± 61, 624 ± 54, 590 ± 43,
511 ± 46, and 201 ± 11 mb for 168Yb, 180W, 184Os, 190Pt, and 196Hg, respectively. The present results either
represent first experimental data (168Yb, 184Os, and 196Hg) or could be determined with significantly reduced
uncertainties (180W and 190Pt). These measurements are part of a systematic study of stellar (n,γ ) cross sections
of the stable p isotopes.
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I. INTRODUCTION

Almost all nuclei heavier than Fe are formed by neutron-
capture processes, with the exception of 32 proton-rich stable
isotopes between 74Se and 196Hg [1,2]. These isotopes cannot
be produced by the s- and r-processes, because they are either
outside the s-process path or shielded by stable isotopes against
the β−-decay chains from the r-process region (Fig. 1).

The nature of the p-process is still under debate. However,
in the current understanding the p-process abundances seem to
originate from a superposition of several processes. The largest
fraction can be explained with the “γ -process” during type II
supernovae [3–5], but for the missing abundances additional
processes (rp-process [6,7], ν-process [8], νp-process [9])
have been postulated (for a more detailed discussion, see
Part I [10] of this series of articles).

In the γ -process the Ne/O layers are heated during the
explosion by the outgoing shock front to ignition temperatures
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of explosive burning. When the temperature in the Ne/O shell
reaches values of 2–3 GK, photodisintegration processes shift
the existing seed nuclei by a sequence of (γ ,n) reactions
to the proton-rich side of the valley of stability. In each
step, the neutron separation energy grows progressively,
while the separation energy for protons and α particles is
decreasing. Consequently, when (γ ,p) and (γ ,α) reactions
become comparable or faster than (γ ,n), the reaction path
is deflected from the initial isotopic chain and feeds nuclei
with lower atomic number Z. The competition between (γ ,n),
(γ ,p), and (γ ,α) reactions gives rise to an extended network
connecting about 2000 nuclei with more than 10 000 reactions
[11]. While photodisintegration dominates in the early, hot
phase, the initially released neutrons can be recaptured at a
later time, when the material cools down after the passage of
the shock wave. At the end of the γ -process, when the shock
front has passed the Ne/O shell, the temperature and density
drop exponentially and the unstable proton-rich nuclei decay
back to the valley of stability, thus producing the p nuclei
together with minor contributions to the s and r abundances.
The typical p-process abundance pattern exhibits maxima at
92Mo (N = 50) and 144Sm (N = 82).

This is the second article of a series describing activation
measurements on the neutron-deficient and neutron-rich side
of the stability valley and it follows a recent publication
by Dillmann et al. [10]. The present work is motivated
by the twofold role of neutron reactions in the p-process.
Free neutrons liberated in (γ ,n) reactions are recaptured
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FIG. 1. (Color online) Example from the chart of nuclides illustrating the neutron-capture origin of most stable isotopes, which are either
produced directly by the s-process and/or by the β−-decay chains from the r-process region. Exceptions are the few stable nuclei on the
proton-rich side of the stability valley, which are made by photodisintegration reactions in the p-process.

and thus contribute to the reaction network. This aspect is
most important during freeze-out, when the neutron density
decreases. Furthermore, neutron cross sections are important
because direct and backward reactions are connected by
detailed balance. Therefore, (n,γ ) cross sections can be used
to infer the corresponding (γ ,n) rates.

In view of the huge number of reactions in the p-process
network, predominantly between unstable nuclei, it is obvious
that the vast majority of these rates have to rely on theoretical
calculations and that the predictive power of such calculations
is crucial for the reliability of the derived p abundances. As
is shown in Ref. [12] the cross section trend with neutron
number for long isotope chains provides a sensitive test for
the extrapolation into the region of unstable nuclei. Examples
are the elements Yb, Os, and Hg, all with seven stable
isotopes, where experimental values for the cross sections of
the respective p isotopes are still missing. For W and Pt this
trend is obscured by large cross-section uncertainties of 10%
and 25% for the p nuclei 180W and 190Pt [13].

Another motivation is the fact that self-consistent studies
of the γ -process have problems with synthesizing the p-
nuclei in the mass regions A < 124 and 150 � A � 165 [14].
This may result from difficulties related to the astrophysical
models as well as from systematic uncertainties of the nuclear
physics input. Therefore, the improvement of nuclear-reaction
cross sections is crucial for further progress in p-process
models, either by directly replacing theoretical predictions
by experimental data or by testing the reliability of pre-
dictions if the relevant energy range is not accessible by
experiments.

In this context we have carried out an extensive experimen-
tal program to measure the (n,γ ) cross sections of 13 p-only
isotopes by means of the activation technique [10,12,15]. The
present article completes this series of measurements with the
isotopes 168Yb, 180W, 184Os, 190Pt, and 196Hg. A concluding
article will then present p-process network calculations based
on a new version of the Karlsruhe Astrophysical Database
of Nucleosynthesis in Stars (KADONIS) [16,17], where the
available experimental and semiempirical (n,γ ) cross sections
for the p-process will be added to the already existing data

library. These data will necessarily remain a complement to the
indispensable theoretical predictions for the vast majority of
the mostly unstable isotopes in the p-process network, which
are not accessible to cross section measurements with present
experimental techniques. Nevertheless, these data provide
important tests of existing calculations in the Hauser-Feshbach
statistical model [18], that is, with the codes NON-SMOKER

[19,20] or MOST [21].
The measurements and data analysis are described in

Secs. II and III. The results and their impact for the p-process
network are presented in Sec. IV.

II. MEASUREMENT OF STELLAR (n,γ )
CROSS SECTIONS

A. Neutron irradiation setup

The present measurements of stellar (n,γ ) cross sections
are based on the activation technique, which consists of the
irradiation of a sample in a well-defined neutron spectrum and
the subsequent determination of the induced γ activities. This
method is known to be very sensitive and selective [22] and
allows one to perform accurate measurements, even of small
cross sections and very small samples.

Neutrons were produced by bombarding thin layers of
LiF with protons of Ep = 1912 keV, about 31 keV above
the threshold of the 7Li(p, n)7Be reaction. At this energy, all
neutrons are emitted into a forward cone of 120◦ opening angle.
The proton energy was calibrated by adjusting the maximum
neutron energy of 106 keV via the time-of-flight method. This
calibration step was carried out with the accelerator operated
in pulsed mode, whereas the activation measurements were
using the higher intensity dc beam. The LiF targets were layers
10 to 20 µm in thickness and 6 mm in diameter, evaporated
onto 1.5-mm-thick Cu backings. Since the transmission of
the copper backings was ≈98% in the energy range of
interest, the effect of neutron scattering in the backing was
negligible.

Under these conditions, integration of the neutron spec-
trum over the emission cone yields an almost perfectly
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FIG. 2. Schematic sketch of the experimental setup.

Maxwell-Boltzmann distribution for a thermal energy of kT =
25.0 ± 0.5 keV. Apart from minor corrections, activation in
this spectrum provides a direct measurement of Maxwellian-
averaged cross sections (MACS) at 25 keV thermal
energy [23].

The activation measurements were performed at the
Karlsruhe 3.7-MV Van de Graaff accelerator with dc beams
between 80 and 100 µA, yielding an average neutron intensity
of (1–3) × 109 s−1. The samples were placed directly in
front of the neutron target in the position of highest flux
and entirely inside the neutron field. The samples were
sandwiched between thin gold foils for determining the
neutron fluence by means of the well-know neutron-capture
cross section of 197Au [23]. The experimental setup shown in
Fig. 2.

Throughout all irradiations the neutron intensity was
recorded with a 6Li-glass monitor located on the proton beam
axis at a distance of 1 m downstream from the lithium target in
time steps of 60 s. This information is required to determine the
correction factor f , by which the decay during the activation
is taken into account, including the effect of fluctuations in the
neutron yield (Sec. III).

B. Samples

The Yb, Os, and Hg samples were pellets pressed from
natural oxide or chloride powder, whereas the Pt samples
were cut from metal foils. Also the gold reference samples
were made from 30-µm-thick metal foils. The isotopic abun-
dances were adopted from Ref. [24] (see Table I). The 180W
sample was prepared from metal powder with 91.4 ± 0.3%

TABLE I. Sample materials and relative isotopic abundances [24].

Isotope Sample material Rel. abund. (%) “Best”a (%)

168Yb Yb2O3 0.13(1) 0.127(2)
180W W (metal) 91.4(3)b 0.1198(2)
184Os OsO2 0.02(1) 0.0197(5)
190Pt Pt (metal) 0.014(1) 0.013634(68)
196Hg Hg2O 0.15(1) 0.15344(19)

aBest measurement from a single terrestrial source [24].
bEnriched sample. Natural isotopic abundance is 0.12(1).

enrichment. The samples were 6 and 10 mm in diameter. For
each isotope several activations were performed with different
experimental parameters, that is, by variation of sample
dimensions (diameter and thickness) and irradiation times ta .
In this way it was possible to verify the related corrections and
to obtain reliable information on systematic uncertainties. The
characteristics of the samples and the respective irradiation
times are summarized in Table II.

C. Activity measurement

In total, 19 activations were carried out (see Table II). The
activation times for 196Hg were chosen to match the half-lives
of the ground state and isomer in 197Hg for determining the

TABLE II. Sample characteristics and irradiation times.

Sample Diameter Thickness Mass ta �tot
a

(mm) (mm) (mg) (h) (1014 n)

168Yb(n,γ )169Yb
Yb-1 10 0.55 399.7 88.37 2.44
Yb-2 10 0.53 382.9 62.95 2.17
Yb-3 10 0.42 301.0 64.87 1.57
Yb-4 10 0.30 215.9 62.08 1.76
Yb-5 6 0.50 131.5 61.35 0.94
Yb-6 6 0.47 122.1 69.20 1.36

180W(n,γ )181W
W-1 6 0.09 50.0 44.55 1.25

184Os(n,γ )185Os
Os-1 10 0.55 496.8 65.50 2.66
Os-2 6 0.61 197.2 43.83 1.52
Os-3 6 0.31 99.4 40.28 1.00

190Pt(n,γ )191Pt
Pt-1 10 0.02 37.9 54.95 2.18
Pt-2 6 0.08 46.4 54.70 0.98
Pt-3 6 0.05 30.8 34.67 0.56

196Hg(n,γ )197Hg and 196Hg(n,γ )197Hgm

Hg-1 10 0.88 494.0 45.75 1.01
Hg-2b 10 0.61 345.1 71.75 1.45
Hg-3 10 0.52 292.6 67.45 1.00
Hg-4b 6 0.83 167.7 45.85 1.10
Hg-5 6 0.56 114.1 42.67 0.67
Hg-6b 6 0.45 92.3 70.63 1.28

aTotal neutron exposure during activation.
bUsed for 196Hg(n,γ )197Hgm.
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TABLE III. Decay properties of the product nuclei. IT stands for
“isomeric transition.”

Isotope t1/2 Eγ (keV) Iγ (%) Reference

169Yb 32.026(5) d 130.5 11.31(21) [25]
177.2 22.2(4)
198.0 35.8(7)
307.7 10.05(18)

181W 121.2(2) d 136.3 0.0311(10) [26]
152.3 0.083(3)

191Pt 2.802(25) d 359.9 6.4(5) [27]
538.9 15.9(12)

197Hgg 64.14(5) h 77.4 18.7(4) [28]
197Hgm 23.8(1) h 134.0 (IT) 33.48(26) [28]
198Au 2.69517(21) d 411.8 95.58(12) [29]

total and partial (n,γ ) cross sections. Only one activation could
be performed on 180W because the sample material was limited
and the product nucleus 181W was too long-lived for repeated
activations.

After the irradiations, the induced activities of the in-
vestigated samples and of the gold foils were counted with
high-purity Ge (HPGe) detectors. In all cases the most intense,
pure γ -ray lines emitted in the decay of the product nuclei were
used in the analysis. The decay properties of these lines are
summarized in Table III.

Three HPGe detector setups were involved in γ counting:
two single detectors with relative efficiencies of 30 and 100%
and a 4π system of two HPGe Clover detectors of 130% each
in very close geometry [30]. The small HPGe detector was
used to count the significant activities of 198Au, 169Yb (two
samples), 191Os, and 197Hgm. The smaller activities of 169Yb
(four samples) were measured with the larger HPGe detector,
and for the weak activities of isotopes with very low abundance
or very weak γ -ray lines, the Clover system had to be employed
(181W, 191Pt, and 197Hg).

The efficiency of the detectors was determined in the
investigated range of γ energies from 120 to 1408 keV with
an uncertainty of 2% by a set of calibrated reference sources
(Fig. 3). For the Clover system the efficiency calibration was
complemented by detailed Monte Carlo simulations using the
GEANT4 software [31,32], because some induced γ -ray lines
were outside the range covered by the calibration sources.
The simulated efficiency of the Clover system was normalized
to fit the measured data points. The simulations were also
necessary for determining the sample-related corrections
in the close geometry of the Clover system as described
below.

The counting position of the samples was reproducible
within ±0.1 mm by the use of special adaptors. This feature
was particularly important for the close geometry of the Clover
setup. Ambient backgrounds were reduced by a 10-cm-thick
lead shield with an inner layer of 5-mm-thick copper. In all
measurements the remaining γ -ray backgrounds were small
and had practically no effect on the uncertainty of the final
cross-section values.

Setup of two
HPGe Clover detectors

Single HPGe detector

γ

(a)

(b)

FIG. 3. Efficiency curves of the Clover detector system (a) and
the single HPGe detector (b). The statistical uncertainties of the
calibration measurements correspond to the size of the symbols.
The simulated efficiency of the Clover system (dashed line) was
normalized to fit the measured data points.

III. DATA ANALYSIS

A. General scheme

The total number of activated nuclei A at the end of the
irradiation can be written as

A = �totN〈σ 〉f, (1)

where �tot = ∫ ta
0 �(t)dt stands for the time-integrated neutron

flux passing the sample during the irradiation, 〈σ 〉 for the
spectrum-averaged capture cross section, and N for the sample
thickness [22].

The correction factor

f =
∫ ta

0 �(t)e−λ(ta−t)dt
∫ ta

0 �(t) dt
(2)

is calculated from the neutron flux history �(t) recorded
with the 6Li glass detector and the decay rate λ of the
product nucleus [22]. This correction accounts for the decay
of activated nuclei during the irradiation time ta as well as for
variations of the neutron flux.

The number of counts C in a particular γ -ray line recorded
during the measuring time tm is proportional to the total number
of activated nuclei A and can be written as

C = AKεγ Iγ (1 − e−λtm )e−λtw (3)

where εγ denotes the detector efficiency, Iγ the γ intensity
per decay, and tw the waiting time between irradiation and
activity measurement [22]. The factor K describes the γ -ray
self-absorption in the sample. For disk-shaped samples and
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perpendicular radiation one has

K = 1 − e−µx

µx
, (4)

where µ is the γ -ray self-absorption coefficient and x the
sample thickness [22]. This expression holds for the analysis
of the γ spectra taken with the single HPGe detectors, where
the distance between sample and detector was sufficiently
large. The respective absorption coefficients µ were adopted
from Ref. [33]. For the close geometry of the Clover system
the absorption corrections had to be determined by GEANT4

simulations using a detailed model of the setup [30,32].
The corrections for coincidence summing and for the fact

that the samples correspond to extended sources were cal-
culated as described in Ref. [34]. For the small HPGe
detector, these corrections were negligible due to the large
distance between samples and detector and the small detector
efficiency. For the large HPGe detector and Clover system
these corrections were also obtained by GEANT4 simulations.

Since all measurements were carried out relative to gold,
the neutron flux �tot cancels out in the cross-section ratio

〈σ 〉
〈σ 〉Au

= A

AAu

NAu

N

fAu

f
. (5)

The reference value for the 197Au cross section in the
quasistellar spectrum of the 7Li(p, n)7Be reaction for kT =
25 keV of 〈σexp〉Au = 586 ± 8 mb was adopted from Ref. [23].

B. Discussion of uncertainties

The experimental uncertainties of the neutron-capture
cross sections for the individual isotopes are summarized in
Table IV. The contributions from the gold standard and from
the detection efficiency ratio are common to all cases. The
uncertainty of the Au standard includes the uncertainties of
the gold cross section (1.4%), the γ -ray intensity (0.1%), and
the counting statistics. As far as the detection efficiency is con-
cerned, the 2% uncertainty corresponds to the efficiency ratio
for the 411.8-keV line of gold and for the respective decay lines
of the product nuclei. This ratio depends on the shape of the
efficiency curves in Fig. 3 rather than on the absolute values.

In all cases, significant contributions are coming from the
isotopic abundances [24]. For example in the case of 184Os
the “representative” isotopic abundance has a rather large
uncertainty of 50% (see Table I) [24]. Because this value
would overrun all other uncertainties we decided to use in all
cases the “best measurements from a single terrestrial source”
mentioned in Ref. [24]. Another large contribution are the
line intensities in the case of 190Pt. For 180W, an additional
5% uncertainty was added because of the fact that the cross
sections deduced from the two lines at 136 and 152 keV differ
by more than the 6% uncertainty, which was expected from the
quoted line uncertainties [26]. This discrepancy may indicate
an inconsistency in the line intensities.

IV. RESULTS

In this section, the results of the present work are presented
in tabular form with a short discussion of the various
measurements. The comparison with previous results is given
in Fig. 4 for the MACS 〈σ 〉kT calculated on the basis of the
measured 〈σexp〉 reported here.

A. 168Yb(n,γ )169Yb

The six activations for the determination of the (n,γ ) cross
section of 168Yb have been analyzed via the four strongest γ

transitions in 169Yb at 130.5, 177.2, 198.0, and 307.7 keV. As
shown in Table V the individual results of all activations and
all γ transitions are consistent within uncertainties, yielding a
weighted average of 〈σexp〉 = 1235 ± 61 mb.

B. 180W(n,γ )181W

Only one activation could be carried out for 180W. In
view of the very small natural abundance of 180W of 0.12%,
isotopically enriched material had to be used. In this case,
the induced 181W activity was limited because of the very
weak γ -line intensities and the rather long half-life of 181W.
In addition, the signal to background ratio was challenged
by interfering lines from the decay of the other tungsten
isotopes.

TABLE IV. Compilation of uncertainties. “–” denotes negligible contributions.

Source of uncertainty Related uncertainty (%)
168Yb 180W 184Os 190Pt 196Hgm 196Hgtot

Au standard 1.4 1.4 1.4 1.4 1.4 1.4
Isotopic abundance 1.6 0.3 2.5 0.5 �0.2 �0.2
Ratio of γ efficiencies 2.0 2.0 2.0 2.0 2.0 2.0
Divergence of neutron flux 2.0 2.0 2.0 2.0 2.0 2.0
Intensity of γ lines 1.8–2.0 3.2–3.6 4.0 7.6–7.8 0.8 2.1
γ -ray self-absorption �0.12 4.0 1.0 1.0–3.0 �0.2 1.0
Time factor f – – – 0.5–0.7 0.8–1.3 �0.1
Half-life �0.1 0.2 0.5 0.9 0.4 �0.1
Counting statistics 0.3–2.2 �0.4 �0.2 0.2–0.6 4–10 0.4–0.8

Total uncertainty 5.0 8.6a 7.3 9.1 5.4 5.3

aIncluding an additional uncertainty of 5% (see text).
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FIG. 4. (Color online) The present MACS for kT = 30 keV compared with previous data. Solid squares denote experimental results by
Kononov et al. (1987) [43], Käppeler et al. (1991) [44], and Beer et al. (1997) [45]. Calculated data by Holmes et al. (1976) [39], Harris
(1981) [40], Rauscher and Thielemann (2000) [19], and Goriely (2005) [21] are represented by open squares. The recommended values of the
compilation by Bao et al. [13] are indicated by solid circles.

The 180W(n,γ )181W reaction has been analyzed via the
two γ lines from 181W at 136.3 and 152.3 keV (Table VI).
The uncertainty of the weighted average was increased by an

TABLE V. Measured (n,γ ) cross sections of 168Yb.

Sample 〈σexp〉 (mb)

Eγ = 130.5 keV 177.2 keV 198.0 keV 307.7 keV

Yb-1 1225 ± 60 1324 ± 65 1344 ± 66 1332 ± 65
Yb-2 1229 ± 60 1261 ± 62 1260 ± 62 1265 ± 62
Yb-3 1212 ± 59 1283 ± 63 1344 ± 66 1301 ± 64
Yb-4 1137 ± 56 1191 ± 58 1274 ± 63 1214 ± 59
Yb-5 1211 ± 60 1216 ± 60 1233 ± 62 1188 ± 59
Yb-6 1127 ± 56 1151 ± 57 1255 ± 63 1170 ± 58

Weighted average: 1235 ± 61

additional component of 5%, because the difference between
the values deduced from the two γ lines was larger than
expected from the individual uncertainties. Whether this
difference is due to counting statistics or to inconsistent γ -ray
intensities requires further investigation. The present weighted
average is 〈σexp〉 = 658 ± 56 mb.

TABLE VI. Measured (n,γ ) cross sections of 180W.

Sample 〈σexp〉 (mb)

Eγ = 136.3 keV 152.3 keV

W-1 702 ± 47 620 ± 43

Weighted average: 658 ± 56a

aIncluding an additional uncertainty of 5% (see text).
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TABLE VII. Measured (n,γ ) cross sections of
184Os.

Sample 〈σexp〉 (mb)

Os-1 603 ± 43
Os-2 577 ± 42
Os-3 578 ± 42

Weighted average: 586 ± 42

C. 184Os(n,γ )185Os

The neutron capture cross section of 184Os has been deduced
from three activations with an overall uncertainty of 6.6%,
which is dominated by the contributions from the intensity of
the only useful γ transition at 646.1 keV. In this case there
are no previous measurements to compare with the present
weighted average of 〈σexp〉 = 586 ± 42 mb (Table VII).

D. 190Pt(n,γ )191Pt

The (n,γ ) cross section of 190Pt was determined in three
activations via the γ -ray lines at 359.9 and 538.9 keV
(Table VIII). As in the case of 184Os, the accuracy of the
weighted average of the 190Pt cross section of 496 ± 43 mb is
limited by the uncertainties of the respective γ intensities. The
present weighted average is 〈σexp〉 = 496 ± 45 mb.

E. 196Hg(n,γ )197Hg

The partial (n,γ ) cross sections of 196Hg to the ground
state and the isomeric state in 197Hg were determined in six
activations. The isomer 197Hgm decays predominantly to the
ground state via isomeric transitions (IT, probability 91.4 ±
0.7%) or with a smaller electron capture (EC) branch to 197Au
(8.6 ± 0.7%). Therefore, the partial cross section to the isomer,
〈σexp〉p, has been deduced from the isomeric transition at
134.0 keV (Table IX).

The total neutron-capture cross section was determined in
three of the activations via the 77.4-keV γ -ray transition in
197Au. The counting started after a waiting time of about
10 days when the isomer (t1/2 = 23.8 h) had practically
decayed. At this point the ground-state activity (t1/2 = 64.14 h)
could be considered to represent the total cross section (apart
from the small correction of 2.26 ± 0.21 mb for the EC
decay of the isomer). The partial and total cross sections

TABLE VIII. Measured (n,γ ) cross sections of
190Pt.

Sample 〈σexp〉 (mb)

Eγ = 359.9 keV 538.9 keV

Pt-1 503 ± 47 474 ± 42
Pt-2 518 ± 49 472 ± 42
Pt-3 523 ± 49 505 ± 44

Weighted average: 496 ± 45

TABLE IX. Measured partial and total (n,γ ) cross sections of
196Hg.

Sample 〈σexp〉p to isomera (mb) 〈σexp〉tot (mb)
Eγ = 134.0 keV 77.4 keV

Hg-1 25.5 ± 2.1 199 ± 10
Hg-2 28.0 ± 1.9
Hg-3 23.1 ± 2.6 201 ± 10
Hg-4 26.5 ± 1.7
Hg-5 27.3 ± 2.4 202 ± 10
Hg-6 25.7 ± 2.2

Weighted averages 26.3 ± 1.4 201 ± 10

aIncluding 2.26 ± 0.21 mb correction for EC decay of isomer.

are 〈σexp〉p = 26.3 ± 1.4 and 〈σexp〉tot = 201 ± 10 mb, respec-
tively (Table IX).

It is interesting to note that the isomeric ratio, IR =
〈σexp〉p
〈σexp〉tot increases from the thermal value IRth = 0.035 ± 0.003
[35] by a factor of 3 to 0.116 ± 0.007 at 25 keV neutron
energy.

V. MAXWELLIAN-AVERAGED CROSS SECTIONS

A. General remarks

In an astrophysical environment with temperature T ,
interacting particles are quickly thermalized by collisions in
the stellar plasma, and the neutron energy distribution can be
described by a Maxwell-Boltzmann spectrum:

� = dN/dEn ∼
√

En · e−En/kT . (6)

The experimental neutron spectrum of the 7Li(p, n)7Be re-
action simulates the energy dependence of the flux v · � ∼
En · e−En/kT with kT = 25.0 ± 0.5 keV almost perfectly [23].
The stellar-capture cross section at the energy kT is defined as

〈σ 〉kT = 2√
π

∫ ∞
0 σ (En) En e−En/kT dEn∫ ∞

0 En e−En/kT dEn

, (7)

where σ (En) is the energy-differential cross section, En the
neutron energy in the center-of-mass system, and e−En/kT the
Boltzmann factor for the thermal energy kT . The factor 2/

√
π

results from the normalization of the Maxwellian flux formula.
Therefore, the measured cross sections could be transformed
into MACS via

〈σ 〉kT = 2√
π

〈σexp〉 (8)

if the experimental neutron spectrum were of perfect
Maxwellian shape. However, the energy cutoff at En =
106 keV and the small spectral differences between the
experimental and the true thermal distribution require a
correction for obtaining the exact MACS at kT = 25 keV
from the measured data as well as for extrapolating these data
to higher and lower thermal energies.
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TABLE X. Normalization factors Fnorm for the energy-dependent
cross sections from data libraries or from theory.

168Yb 180W 184Os 190Pt 196Hg

JEFF 3.0/A 1.28 0.96 0.98 0.70 0.29
JENDL 3.3 – – – – 5.93
ENDF-B/VII.0 – – – – 5.92
NON-SMOKER 1.35 0.96 0.78 0.53 0.45

B. Calculation of MACS

The spectrum correction is obtained by using the new
experimental results for normalizing the energy-dependent
cross sections, σeval(En), from evaluated data libraries. The
normalization factor

Fnorm = 〈σexp〉/〈σeval〉 (9)

is determined by folding the evaluated cross section σeval(En)
with the experimental neutron spectrum. The MACS at kT is
then

〈σ 〉kT = 2√
π

∫ ∞
0 [σeval(En) Fnorm] En e−En/kT dEn∫ ∞

0 En e−En/kT dEn

. (10)

Evaluated cross sections were taken from the most
recent versions of the available data libraries, that is, JEFF-
3.0/A (Joint Evaluated Fission and Fusion General Purpose
File, www.nea.fr/html/dbdata/JEFF/), JENDL-3.3 (Japanese
Evaluated Nuclear Data Library [36], wwwndc.tokai-
sc.jaea.go.jp/jendl/), and ENDF-B/VII.0 (Evaluated Nuclear
Data File [37], www.nndc.bnl.gov/), which can be reached
via the online database JANIS [38] (Java-Based Nuclear
Information Software, www.nea.fr/janis/).

For 168Yb, 180W, 190Pt, and 196Hg the evaluated cross
sections from JEFF-3.0/A have been used for the extrapolation
to calculate the final MACS values. In case of 184Os, where
the evaluated cross section in JEFF-3.0/A is incomplete, the
MACS have been determined from the energy dependence

TABLE XII. Ratio of MACS values based on the energy
dependence of evaluated cross sections from the JEFF library
and on the calculations with the statistical model code NON-SMOKER.

Thermal energy (keV)

5 30 100 260

168Yb 0.85 1.0 0.88 0.76
180W 0.91 1.0 0.90 0.69
190Pt 0.90 1.0 0.98 0.76
196Hg 0.96 0.98 0.86 0.64

calculated with the statistical model code NON-SMOKER [19].
The normalization factors Fnorm listed in Table X are re-
flecting either the uncertainties of previous data used in the
evaluations (which are particularly large for 196Hg) or the
corresponding uncertainties of the adopted statistical model
calculation.

The final MACS are summarized in Table XI. The un-
certainties quoted for the kT = 30 keV values correspond
essentially to those of the measured cross sections, but
increase gradually toward lower and higher thermal energies.
From the differences in the energy-dependence between the
evaluated cross sections from the JEFF library and the NON-
SMOKER calculations summarized in Table XII, the additional
uncertainty introduced by the extrapolation is estimated to
reach about 10% at kT = 5 and 100 keV, but may be as large
as 30% at 260 keV.

C. Comparison with previous values

The present MACS values at kT = 30 keV are compared
in Fig. 4 with previous results. Because experimental data
for 168Yb did not exist, this work provides a significant
improvement in accuracy compared to theoretical predictions.
Among those, agreement is found with Ref. [39], whereas
the 168Yb cross section was underestimated in all other
calculations [19,40–42].

TABLE XI. Final Maxwellian-averaged cross sections (in mb) for thermal energies 5 � kT � 260 keV.

Thermal energy (keV) 168Yba 180Wa 184Osb 190Pta 196Hga 196Hgc

5 2997 1543 1564 1172 522
10 2046 1061 1021 792 349
15 1681 869 816 659 281
20 1470 758 708 587 243
25 1325 682 639 542 219
30 1214(61) 624(54) 590(43) 511(46) 201(11) 26.3(1.4)
40 1053 538 524 469 178
50 937 475 478 441 163
60 850 426 445 421 151
80 728 358 396 389 135
100 649 313 364 363 123
170 512 234 307 293 95
260 448 198 283 234 75

aEnergy dependence from JEFF-3.0/A.
bEnergy dependence from NON-SMOKER.
cPartial cross section given only for kT = 30 keV.
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The present MACS of 180W are higher than the previ-
ously reported measurements [43,44], but the three values
are still compatible within uncertainties. In this case there
is also good agreement with the theoretical predictions of
Refs. [19,40,42].

For 184Os there are no experimental data to compare with.
Accordingly, the rather uncertain theoretical predictions can
now be replaced by the significantly improved experimental
result. This holds for 190Pt as well, where the only previous
measurement [45] was reported with a four times bigger
uncertainty. The trend to overestimate the MACS for 184Os and
190Pt is even more pronounced in the theoretical predictions
for 196Hg.

In general, there is reasonable agreement with the compila-
tion of Bao et al. [13] except for 196Hg, where the present value
is about three times smaller than previously recommended.
However, this value, which represents a semiempirical esti-
mate, does not fit the smooth trend defined by the experimental
data of the even-even Hg isotopes (Fig. 5), in contrast to the
present result. Figure 5 shows also that the slope of the NON-
SMOKER data versus neutron number is too steep compared
to that of the recommended values from the KADONIS v0.3
database [17].

Apart from 180W, the uncertainties could be improved
by factors of 4 to 9 in all other cases. Accordingly, these
results are essentially adopted in the KADONIS database for
nucleosynthesis in stars [17,46].

D. Impact on p-process network

Because most of the p-process reaction network involves
unstable, neutron-deficient isotopes, theoretical calculations
of the respective reaction rates are indispensable. The quality
of the calculations, which are commonly based on the Hauser-
Feshbach statistical model [19,42], depends strongly on the
parameters used.

FIG. 5. (Color online) MACS at kT = 30 keV vs neutron number
for the even-even Hg isotopes. The previously recommended value of
196Hg of the compilation by Bao et al. (2000) [13] is indicated by the
open square. The isotope chain for the NON-SMOKER predictions (red
circles) exhibit a different slope compared to the new recommended
values from KADONIS v0.3 [17].

Experimental cross sections represent an important
test for this parametrization. The present results for the
p nuclei are particularly sensitive for the extrapolation to
the neutron-deficient region. In view of their significantly
improved accuracy, the cross section trends along the
respective isotope chains are now much better defined, thus
providing a more reliable basis for the MACS extrapolation
with neutron number. This aspect will be addressed in more
detail in a forthcoming article on cross-section measurements
on the neutron-rich isotopes of Yb, W, Os, Pt, and
Hg [47].

The impact of our new results and other recent neutron-
capture measurements on p-process network calculations is
briefly discussed in Refs. [16,48] and will be discussed in more
detail in the upcoming third and final article of this series.

VI. SUMMARY

The rare p nuclei were long neglected in neutron-capture
cross section campaigns because they were outside the reaction
path of the s-process and also because isotopically enriched
samples for time-of-flight measurements were not available
with sufficient purity or sufficient amounts. Increasing interest
in quantitative p-process studies motivated a series of activa-
tion measurements on the p nuclei in the mass region A � 150,
where stellar (n,γ ) cross sections were uncertain or completely
missing.

In this work, 19 activations are reported in a quasistellar
neutron spectrum corresponding to a thermal energy of
kT = 25 keV. Systematic uncertainties and corrections
applied in data analysis were investigated by variation of the
relevant experimental parameters. Using gold as a reference,
the cross sections of 168Yb, 180W, 184Os, 190Pt, and 196Hg were
determined with uncertainties of 4 to 8%, significantly more
accurate than reported in the very few previous experiments
on these isotopes.

The mere size of the p-process network and the fact
that the vast majority of the involved isotopes are unstable
restrict the possibility for direct cross-section measurements
to comparably few selected cases. Therefore, cross-section
calculations on the basis of the Hauser-Feshbach statisti-
cal model are indispensable in this context. Because the
p nuclei are the most neutron-deficient stable isotopes,
their cross sections are particularly suited to test and to
optimize extrapolations into the p-process region. Further
investigations of cross-section trends versus neutron number
by additional measurements on neutron-rich isotopes are
suggested.
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