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Neutron capture data on intermediate mass nuclei are of key importance to nucleosynthesis in the weak
component of the slow neutron capture processes, which occurs in massive stars. The (n, y) cross section on
Ge, which is mainly produced in the s process, was measured at the neutron time-of-flight facility n_TOF at
CERN. Resonance capture kernels were determined up to 40 keV neutron energy and average cross sections
up to 300 keV. Stellar cross sections were calculated from k7" =5 keV to kT = 100 keV and are in very
good agreement with a previous measurement by Walter and Beer (1985) and recent evaluations. Average cross
sections are in agreement with Walter and Beer (1985) over most of the neutron energy range covered, while they
are systematically smaller for neutron energies above 150 keV. We have calculated isotopic abundances produced
in s-process environments in a 25 solar mass star for two initial metallicities (below solar and close to solar).
While the low metallicity model reproduces best the solar system germanium isotopic abundances, the close to
solar model shows a good global match to solar system abundances in the range of mass numbers A = 60-80.

DOI: 10.1103/PhysRevC.100.045804

I. MOTIVATION

The elemental abundances above Fe are mainly produced
by two distinct neutron capture processes in stars and stellar
explosions, the slow neutron capture process (s process) [1]
and the rapid neutron capture process (r process) [2], while
only about 1% of heavy element abundances is produced
by charged particle and photoinduced reactions (p process)
[3]. The s process occurs at moderate neutron densities of
typically 10’—10'> cm~3 and is characterized by a sequence of
neutron captures followed by 8 decays [1]. Since radioactive
decays are usually faster than neutron capture times, the
reaction path proceeds along the line of stable nuclei. In
massive stars (>8 solar masses M), the s process occurs
in two different burning stages, towards the end of He core
burning at temperatures of about 0.3 GK (1 GK = 10° K), and
later during carbon shell burning, when temperatures reach
1 GK [4-8]. This so-called weak component of the s process
produces dominantly elements between Fe and Zr, owed to
the relatively low neutron exposures reached. The main com-
ponent of the s process contributes dominantly abundances
between Zr and Bi, and occurs in low and intermediate mass
stars (about 1—5Mg) during their asymptotic giant branch
(AGB) phase [1,9].

In our cosmos, germanium is produced by more than one
nucleosynthesis process; however, the bulk of it (about 80%)
is thought to be produced by the weak s process in massive

stars [10]. Around 12% is estimated to originate from the
main s process in AGB stars, while only a few percent is
produced by explosive nucleosynthesis processes, such as the
r process, operating at very high neutron densities, and the
a-rich freeze-out forming the Fe group nuclei at the end of a
massive star’s life. To disentangle the different contributions
to observed germanium abundances in our solar system and
stellar atmospheres, it is crucial to accurately determine the
s-process contribution to germanium abundances. Figure 1
shows the s-process reaction path in the germanium mass
region. "°Ge occupies a special position: It is shielded from
rapid neutron capture nucleosynthesis by the stable isobar
07n, suggesting that "°Ge is dominantly produced in the s
process (hence it is a so-called s-only isotope), and its abun-
dance thus can be used as an anchor point when comparing to
observed isotopic abundances.

Neutron capture cross sections are a key nuclear physics
input to calculate abundances produced in s-process nucle-
osynthesis. Since neutrons are rapidly thermalized in the
stellar environment, the effective stellar cross section is a
convolution of the energy dependent neutron capture cross
section with a Maxwellian velocity distribution; thus, stellar
neutron capture cross sections are called Maxwellian averaged
cross sections (MACS). For s-process environments, MACS
values need to be known up to kT values of about 90 keV,
corresponding to the highest temperatures reached in the s
process.
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FIG. 1. Main nucleosynthesis path of the s process in massive
stars during He core burning. Solid boxes represent stable, dashed
boxes represent unstable isotopes.

Investigations using Monte Carlo variation of reaction
rates to assess the impact of specific reactions on the final
abundances predicted by stellar models have been performed
recently. The reaction "°Ge(n, y ) has been identified as a key
reaction determining the uncertainty of "°Ge in the main s
process, both in the thermal pulse and in interpulse burning
of AGB stars [11]. The reaction "°Ge(n, y) and the recently
measured >Ge(n, y) [12] were found to be key reactions
for the abundances of °Ge and *Ge, respectively, in the
enhanced weak s process occurring in rotating, metal-poor
massive stars [13]. *Ge(n, ) also appeared as key rate in the
regular weak s process in the same study.

Existing experimental data on stellar neutron capture on
germanium isotopes are scarce, which motivated a campaign
at n_TOF to measure cross sections on all stable germanium
isotopes [14]. Results on *Ge(n, ) have recently been pub-
lished and show that the germanium isotopic abundance pat-
tern produced in the s process in a low metallicity massive star
is consistent with the isotopic abundance pattern of our solar
system [12]. This paper describes the study of the "°Ge(n, )
reaction. There are few experimental data available on this
reaction in the keV neutron energy range; Walter and Beer
[15] measured cross sections from 3 to 240 keV and calculated
MACS:s in the range kT = 20-50 keV. In addition, Maletski
et al. [16] have published neutron resonance data on 0Ge +
n reactions for neutron energies up to 28.6 keV; however,
partial radiative widths I", have only been determined for
three low energy resonances, while for the remaining reso-
nances only neutron widths I', and resonance energies Eg
are available. Harvey and Hockaday [17] have determined
total cross sections for natural germanium, identifying several
0Ge + n resonances up to 43 keV neutron energy. Evaluated
Ge(n, y) cross sections recommended in major nuclear data
libraries such as ENDF/B-VIII [18] and JENDL-4.0 [19] use
experimental data by Maletski et al. and transmission data
on natural germanium by Harvey and Hockaday for neutron
energies below 14 keV, while for higher neutron energies
evaluated cross sections are based on statistical parameters
extracted from data at lower neutron energies.

This work provides neutron capture resonance data up to
energies of 40 keV. In combination with average neutron
capture cross sections determined for neutron energies up
to 300 keV, we also calculated Maxwellian averaged cross
sections for the entire range of astrophysical interest, from
kT =5keV to kT = 100 keV.

II. MEASUREMENT

The measurement was performed at the neutron time-of-
flight facility n_TOF at CERN [20]. At n_TOF, neutrons are
produced by spallation reactions of a 20 GeV /¢ proton beam
by the CERN Proton Synchrotron (PS) on a cylindrical 1.3 ton
lead target (40 cm length, 60 cm diameter) [21]. The initially
highly energetic neutrons are moderated using a combination
of water and borated water layers surrounding the target (the
former also cools the target). The resulting moderated neutron
spectrum exhibits a nearly isolethargic energy dependence
and ranges from thermal energies (25 meV) to several GeV.
The proton beam is pulsed, with a time width of 7 ns r.m.s. and
a repetition rate of about 0.8 Hz. At n_TOF, there are two ex-
perimental areas, at flight path lengths of 185 m (EAR-1) and
20 m (EAR-2). The °Ge(n, y) measurement was performed
at EAR-1, taking advantage of the excellent neutron energy
resolution ranging from 3 x 10™* at 1 eV to 3 x 1073 at
100 keV [21].

The prompt emission of y rays following neutron capture
was detected with a set of four liquid scintillation detectors,
filled with deuterated benzene (C¢Dg). These detectors are op-
timal for measurement of radiative neutron capture since they
are almost insensitive to neutrons which are scattered from
the capture sample. The detectors were arranged at angles of
125 degrees with respect to the neutron beam to minimise
effects of anisotropic y-ray emission for £ > 0 states in the
compound nucleus.

The "°Ge(n, y) reaction was studied using a highly en-
riched "°GeO, sample in cylindrical form. In addition, mea-
surements were taken with a metallic germanium sample of
natural composition to identify any contributions from other
Ge isotopes present in the enriched sample, and with a Au
sample which was used to normalize the neutron capture data
(see Sec. III). The samples were glued on a thin mylar foil
fixed to an Al ring. The background induced by the sample
holder was measured by placing an empty sample holder
in the beam. To keep any systematic effects due to sam-
ple positioning to a minimum, the samples were accurately
centered on the holder using a jig and a hollow metallic
cylinder aligned with the annular frame of the sample holder.
Table I lists all samples and their characteristics used in the
measurement.

Detector signals were recorded using 14-bit fast digitizers
operated at a sampling rate of 1 GHz. Data acquisition was
triggered by the pickup signal of the PS accelerator and
for each neutron pulse data were recorded for a duration of
100 ms, corresponding to neutron energies of about 0.02 eV.
Detector signal times and amplitudes were extracted for each
neutron burst using an offline pulse shape algorithm [22].
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TABLE I. Properties of the samples used in the experiment.

Sample Chemical form Mass (g) Diameter (cm) Sample composition (%)

Ge GeO, 2.705 2 0Ge(97.71); *Ge(2.23); *Ge(0.02); "Ge(0.03); "°Ge(0.01)
"tGe metal 1.903 2 0Ge(20.52); >Ge(27.45); 3Ge(7.76); *Ge(36.52); °Ge(7.75)
197 Au metal 0.664 2 197 Au (100)

Empty holder

II1. DATA ANALYSIS AND RESULTS
A. Time-of-flight to neutron energy conversion

The neutron time-of-flight spectra were converted to neu-
tron energy using the relativistic relation

E, = myc*(y — 1) M

with

1

N I
where m, is the mass of the neutron, L is the flight path
length, and ¢y is the neutron time of flight. The determination
of 7 relies on accurate knowledge of the neutron produc-
tion time. When the proton pulse hits the spallation target,
a burst of y rays and ultrarelativistic particles is produced
alongside neutrons. This burst is called y flash, and pro-
duces a short, high amplitude signal in the C¢Dg detectors,
allowing determination of the time of neutron production for
each pulse with high accuracy. The flight path length L was
determined using a Au sample in the beam. Au has several
low energy resonances for which resonance energies have
been accurately determined at the Joint Research Centre in
Geel [23]. These are now included in the latest evaluated
resonance data for "7 Au(n, y) by ENDF/B-VIII [18]. The
flight path has been fitted to reproduce the resonance energies

for these well known resonances and was determined to be
183.94 £+ 0.04 m.

@

B. Capture yield

The neutron capture yield as a function of neutron energy
is obtained as
C(En) - B(En)

Y(E,) = fn(En) COE) 3)
where C is the count spectrum of the enriched "°Ge sample,
B is the background, ¢, is the efficiency of detecting a capture
event, and & is the neutron flux. The factor fy is a normal-
ization factor taking into account that the capture sample does
not cover the entire size of the neutron beam. In the following
subsections, the determination of each of those terms will be
described.

1. Detection efficiency

The efficiency to detect the y-ray emission after a neutron
capture event depends on the deexcitation path of the com-
pound nucleus, which in general varies from event to event.
The total energy detection principle was used by combining
the above-mentioned detection system with the pulse height

weighting technique (PHWT) [24,25]. The total energy de-
tection principle is applicable to detection systems of low
efficiency, where at most one y ray per capture event is de-
tected. If the y-ray detection efficiency is proportional to the
y-ray energy, i.e., €, « E,, it can be shown that the efficiency
of detecting a capture event is proportional to the excitation
energy of the compound system, i.e., €, « S,, + E,,,, where S,
is the neutron separation energy and E,,, is the center-of-mass
energy. To achieve €, o E,,, the PHWT is used, where weight-
ing factors are applied to each detected event, depending on
their amplitude. These were determined in GEANT4 Monte
Carlo simulations [26], simulating the detector response to
mono-energetic y-rays from 0.2 to 10.0 MeV. Simulations
took into account the detailed geometry of the experimental
setup and samples used, including the spatial distribution of
the neutron beam, and neutron and y-ray self absorption in
the samples. The data further need to be corrected for a
loss of y rays below the detector threshold (200 keV) and
for transitions without y-ray emission (electron conversion).
The correction for both Au and Ge was calculated using the
code DICEBOX [27], that simulates individual capture cascades
based on experimental information on low-lying levels and
uses level density and photon strength function models at
higher energies.

The systematic uncertainty of the neutron capture yield due
to the PHWT is 2% [28].

2. Background subtraction

The background B(E,) consists of several components that
need to be corrected for. Background unrelated to the neutron
beam, due to ambient radioactivity and cosmic rays, is deter-
mined in beam-off runs and subtracted from the Au and Ge
sample spectra. Background produced by neutron reactions
with material in and around the beam line is measured by
taking data with an empty sample holder.

Figure 2 shows the "°Ge spectrum, compared to back-
grounds due to the empty sample holder and due to ambient
activity. Weighting functions have been applied to all these
spectra, hence the figure shows weighted counts as a function
of neutron energy. The empty sample holder contributes to
background over the entire neutron energy range, while the
ambient activity, which is constant in time, only contributes
at low neutron energies. The third component is background
related to the sample, specifically by neutrons scattered off
the GeO, sample. These scattered neutrons may be captured
in surrounding material and produce y-ray cascades detected
by the C¢Dg system. The Cg¢Dg detectors themselves are
extremely insensitive to capturing neutrons [29,30], and there-
fore any background due to direct interaction of scattered
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FIG. 2. Plot of the weighted Ge spectrum compared to empty
sample holder and ambient background.

neutrons with the detectors themselves can be neglected for
the present measurement. While care has been taken to mini-
mize material around the beam pipe and to use materials with
low neutron cross sections, such as Al, there may be residual
background due to neutrons scattered from the sample and
being captured at a later time in structural material, such as
the walls [31].

For the resonance region, individual neutron resonances
were fitted including a flat, constant background to account
for these backgrounds. For the unresolved resonance region,
the background is determined using neutron filters. Neutron
filters are materials in the beam line which absorb all neutrons
at certain resonance energies. In the present case, an Al filter
was used, with negligible transmission of neutrons at around
35, 86, and 150 keV neutron energy. Consequently, any counts
in these filter dips must come from neutrons scattered off the
sample and captured somewhere in the experimental area at
a later time. This background was determined by measuring a
Ge spectrum with filters and an empty sample holder spectrum
with filters. After subtraction of the empty spectrum, the Ge+
Al filter spectrum was scaled to the Ge spectrum to account for
the overall loss of neutrons. A smooth function was fitted to
the flat minima of the filter dips, and the resulting background
was subtracted from the Ge spectrum. Figure 3 shows the
"0Ge + filter spectrum and the fitted background. The back-
ground was found to be at a level of 10-15% of the Ge
spectrum. Due to uncertainties in the scaling factor applied
to the Ge-filter spectrum, and low statistics in the filter dips,
the resulting uncertainty of the capture yield in the unresolved
resonance region is 4%.

3. Neutron flux and normalization

The neutron flux was measured using several different
detection systems and reference reactions in a dedicated cam-
paign. Measurements were performed with a set of silicon
detectors, detecting tritons and o particles emitted in the
®Li(n, t) reaction from a LiF sample. A micromegas detector
was used to determine the neutron flux using the reference
reactions °Li(n, t) and >*U(n, f), and an ionisation cham-
ber by Physikalisch Technische Bundesanstalt Braunschweig

g1°3Q“NW‘\‘M“H‘W| FE YT E
S H M WWHW!W HHMHH W M W‘:
g | WL
Foll AT i

Neutron Energy (eV)

FIG. 3. Ge-filter spectrum (ambient and empty sample holder 4
filter spectrum subtracted), and background determined from filter
dip minima.

measured (n, ) reactions on 25U, The data from all three
detection systems were combined to determine an accurate
neutron flux, which has a systematic uncertainty below 1%
for neutron energies <3 keV, and of 3.5% between 3 keV and
1 MeV [32]. More details on the neutron flux evaluation at
n_TOF can be found in Ref. [33].

A normalization factor fy needs to be applied since the
neutron beam is larger than the capture sample. In addition,
such a factor corrects for any inaccuracies in determination
of the solid angle covered by the C¢Dg detectors. The satu-
rated resonance technique [34] was applied to determine the
normalization factor with high accuracy. In the present case,
data were normalized to the well known 4.9-eV resonance in
the 7 Au(n, y ) reaction. For this resonance, the capture cross
section is much larger than neutron scattering (I', /", ~ 8
[18]). If the Au sample is chosen to be sufficiently thick,
all neutrons at the resonance energy will be absorbed by the
sample. In addition, due to the high ratio of capture/scattering
almost all neutrons will be radiatively captured within the
sample, even if their first interaction is elastic scattering.
Thus, almost 100% of neutrons passing the capture sample
produce a Au neutron capture cascade, providing an absolute
normalisation point for the neutron capture yield at 4.9 eV
neutron energy. The size of the neutron beam has a slight
dependence on neutron energy. This dependence has been
determined in Monte Carlo simulations of the neutron trans-
port from the spallation target to the experimental area, and
has been verified in beam profile measurements [21]. In the
region of interest, the change in neutron beam size is at most
1.5%. This small correction was applied to the data. As the
saturated resonance technique is insensitive to the precise
individual resonance parameters for the 4.9-eV resonance,
the systematic uncertainty, including possible small errors in
sample positioning, is 1%.

C. Resonance analysis

Neutron resonances in the capture yield were fitted with the
multilevel, multichannel R-matrix code SAMMY [35]. SAMMY
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takes into account all experimental effects, such as multiple
interaction events (multiple scattering) and self shielding, and
the broadening of resonances due to thermal motion (Doppler
broadening) and the resolution of the experimental setup. In
addition, the full sample composition, including impurities,
was taken into account.

Capture data themselves do not usually allow a reliable
determination of individual resonance parameters, such as
resonance spin J and partial neutron and radiative widths I,
and I',,. In general, only energy and capture kernel k, defined
as

r.r,

S 2 4
ST, +T, @)

can be obtained reliably. The statistical factor g is given by

@i+
= st nei+ 1)

where J is the resonance spin, the neutron spin s = 1/2, and
the ground state spin of the target nucleus /(7°Ge) = 0F,
hence in our case g = (2J + 1)/2.

Resonance structures could be resolved up to neutron
energies of 40 keV. However, from about 25 keV the anal-
ysis of individual resonance parameters became increas-
ingly difficult, due to the worsening of the experimen-
tal resolution combined with lower statistics and increas-
ing natural resonance widths. For this reason, an averaged
cross section was determined from 25 keV onwards (see
Sec. IIID).

Resonance energies and capture kernels k are shown in
Tables II and III for neutron resonance energies below and
above 25 keV, respectively. Examples of resonance fits in var-
ious neutron energy ranges are shown in Fig. 4. Uncertainties
in Tables II and III are fit uncertainties only.

Systematic uncertainties in the capture kernels are due
to the PHWT (2%), the normalization (1%), the neutron
flux (1% for E, < 3 keV, 3.5% for E, > 3 keV), and the
sample enrichment (1%). This amounts to total systematic
uncertainties of 2.7% below and 4.3% above 3 keV neutron
energy, respectively. In total, we fitted 110 resonances up to
energies of 40 keV, of which 90 were not listed in previous
evaluations.

Average resonance parameters, namely the average radia-
tive width FV and the average resonance spacing Dy, were de-
termined using the resonances below 25 keV assuming there
are no unresolved doublets. There are 35 strong resonances
for which the SAMMY fit yielded I', > 10 x I'y,. As k ~ ¢gI',,
for these resonances, we used the kernels determined from
n_TOF data and the spins from a transmission measurement
[17] to estimate the distribution of individual I', values in
terms of the average radiative width FV and the width of
the distribution or,. Using the same method as in Ref. [12],
namely the maximum likelihood fit assuming a Gaussian
distribution of I'), values, we obtained Fy = 205(12) meV
and or, = 70(10). Our value of the average radiative width
is compatible with the literature values 185(30) meV [36] and
185(50) meV [37].

To determine Dy we have adopted the neutron strength
functions for s-, p-, and d-wave neutrons Sy = 2.1x107%,

&)

TABLE II. Resonance energies Ex and kernels k up to 25 keV
determined with SAMMY. The uncertainties listed are from the fitting
procedure.

Er (eV) k (meV) Er (eV) k (meV)
152.38 £0.01 0.058 + 0.002  12655.7 £ 0.3 1484 £ 5.1
1118.4+0.1 150.5 + 5.7 13270.0 + 4.6 206 £+ 13
1474.23+0.01 1409 £ 0.9 13326.1 £ 04 168.2 + 8.3
1484.17 +£0.02 11.54+ 0.2 13867.8 + 0.6 194 £+ 11
1514.23 £0.02 24.0 £ 0.2 13887.7 £ 1.0 472 £ 5.1
1953.16 0.02 29.8 £ 04 14331.7 £ 0.5 121.7 £ 5.7
2358.51 £0.06 7.6 £0.2 14800.6 = 0.5 117.2 £ 5.9
2652.83 £0.07 9.8 + 0.3 15118.2 £ 1.0 30.6 + 2.6
3170.27 £0.04 46.6 + 0.8 15705.2 £ 0.8 223.8 + 8.9
3224.02 £0.05 242 £ 0.5 16005.8 + 0.4 326 £ 10
3846.2+0.1 11.5+ 04 16366.6 £+ 0.6 222 £ 15
3853.7+£0.3 354+0.3 16402.7 £ 0.8 136.5 + 7.9
4290.40 +0.05 60.3 £ 1.0 16900.8 + 0.6  183.9 + 8.8
4397.5+0.1 150.5 + 2.1 17032.8 +£ 0.7 268 + 17
5157.0£0.3 58+ 04 17358.1 £ 0.4 225 £ 12
5530.9+£0.1 455+ 1.2 17706.4 £ 1.0 455 £ 3.6
5602.0£0.5 271.0 £ 4.2 17937.0 + 1.1 41.1 £ 39
6035.6 £0.1 456 £ 2.5 18614.7 £ 3.1  186.3 + 9.7
6590.8£0.3 17.2 £ 0.9 18963.9 £ 0.6 362 £ 28
6796.8+0.3 232.4 £ 4.0 19319.4 £+ 0.5 278 + 12
7259.7+0.1 120.5 + 4.8 19654.5 + 0.8 254 £+ 28
7591.0£0.2 99.8 £ 4.0 19809.1 £ 0.6 209 £+ 11
7669.2 +£0.2 36.8 + 1.5 20123.7 £ 1.4 593 +£5.2
8289.2+0.1 1544 £ 5.2 20272.3 £ 0.7 278 + 14
8663.9+£0.6 412 £33 207145 £09 159.7 £ 7.8
8699.4+1.2 208.8 + 6.8 20883.5 £ 1.1 88.6 + 6.4
8723.5+04 675+ 42 21669.4 £+ 5.1 117 £ 22
9395.94+0.2 148.5 + 6.7 216979 £ 0.9 127 £ 58
9957.0+ 1.4 241.5 £ 6.9 22276.3 £ 0.8 267 £ 26
10018.5+0.4 56.0 &£ 3.3 227348 £ 2.4 188 + 12
10118.24+0.4 427 £22 23128.7 £ 1.0 190 £+ 12
10367.6+1.2 242.8 + 7.6 23556.7 £ 1.6 539+ 6.3
10505.0+£0.2 2374 + 7.7 23775.1 £ 1.5 150.1 £ 9.8
11648.7+0.6 28.4 + 2.1 23916.7 £ 0.8 440 + 32
11838.5+0.3 232.0 £ 6.9 24065.4 £+ 3.9 167 £ 13
12310.0+0.5 464 +29 24685.1 £ 0.9 329 + 15
12399.2+0.2 253.0 + 8.6

Sy =1.5x107%, and S, =3x10™*, and channel radius of
7 fm from Ref. [36]. The numbers of observed resonances
above certain thresholds in the resonance kernel were com-
pared to the simulated resonance sequences assuming the va-
lidity of the statistical model as in Ref. [38]. Our data are per-
fectly consistent with Dy = 830(100) eV; this value is com-
patible within 20 with the literature value of 1170(230) eV
[36,37].

Present values of Dy and ', in combination with adopted
So and S; imply that the neutron width of the strongest p-
wave resonances can reach the values of the strongest s-wave
resonances already at E, of a few keV. The determination
of Sy and S| without firm ¢ assignment is thus impossible;
we can merely state that the literature values are reasonable.
For example, simulations with a half value of S; during the
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TABLE III. Resonance energies Ex and kernels £ from 25 keV
determined with SAMMY. The uncertainties listed are from the fit-
ting procedure. Some of these resonances may be more complex
structures, which could not be separated due to the worsening of the
experimental resolution and the increasing natural resonance widths.

Ex (eV) k (meV) Eg (eV) k (meV)
25011.84+2.1  101.5+8.3 32543.64+24 125412
2534854+1.0  293+16 32768.1+3.8  94+12
25656.74+ 1.5 942489 34382.14+3.1 212423
258572422  111+£10 34681.5+73 121421
26039.44+6.6 272419 35260 + 16 121 £ 30
2667054+ 1.1  358+16 35605.1+£7.1  456+£49
269258422  115+10 359392459  88+21
272644410  554+56 36198.9+3.1  423+49
277065+ 1.1 32017 362662427 33040
278929 4+2.1 402 +21 36585 + 15 219 + 35
28137.44+20 254415 37033.5+7.0 207 +30
29161.14+24 493 +£32 371852438  343+33
3003524+ 14  381+£19 37517.44+3.0  347+50
302944423 181 +12 37864.3£3.1 208424
306664+ 1.3 360+ 16 383323485 146 +25
31629.6+£24 116413 38507.74+3.7 177418
3184574+ 1.4  388+27 39004.6 6.2 464 + 200
32047.74+24 208418 39871.64+5.6  315+39
324052 4+6.6 172422

procedure of obtaining Dy yielded inconsistent Dy values for
different adopted thresholds.

D. Unresolved resonance region

The threshold for observing individual resonances in-
creases with energy, and from about 25 keV a non-negligible
fraction of smaller resonances is missed, which would re-
sult in an underestimation of the cross section. Therefore,
we determined an averaged neutron capture cross section
between 25 and 300 keV from the neutron capture yield.
The capture yield was corrected for multiple scattering
and self-shielding effects using a Monte Carlo code which
takes into account the sample composition and geometry
as well as neutron scattering and capture cross sections.
These corrections to the yield amounted to 6-7%. A con-
servative estimate of 20% uncertainty in these corrections
results in a 1.4% uncertainty of the corrected neutron capture
yield.

The unresolved cross section was obtained after subtrac-
tion of backgrounds due to neutron scattering (see Sec. I[II B 2)
and contributions due to impurities. In the present case, the
main impurity in the sample is 7>Ge with a content of 2.23%.
Other germanium isotopes as well as oxygen in the sample
have negligible contributions to the measured capture yield,
either because of their low abundance in the sample or because
of their small cross sections. We used ENDF/B-VIII [18]
cross sections to estimate the contribution of the ">Ge impu-
rity to the measured cross section, yielding a background at a
level of 1-2%. At present there is no experimental information
on the ">Ge(n, y) cross section in the relevant energy range,
and the cross section recommended by the ENDF/B-VIII
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FIG. 4. (a)—(d) Examples for some SAMMY fits of the experimen-
tal capture yield.

evaluation is based on average resonance parameters obtained
at lower neutron energies by Maletski et al. [16]. Assuming
a 20% uncertainty in the 2Ge cross section, the contribution
to the uncertainty in the "°Ge(n, ) cross section is at most
0.4%. Total systematic uncertainties of the unresolved cross
section are 6%, consisting of 4.3% systematic uncertainty
as outlined in Sec. III C, the background subtraction with
neutron filters (4%), correction for sample impurities (0.4%),
and multiple scattering and self-shielding corrections (1.4%).
Figure 5 shows a plot of the unresolved cross section obtained
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FIG. 5. Neutron capture cross section with statistical uncertain-
ties in the unresolved resonance region from 25 to 300 keV. The data
obtained in this work are compared to experimental results by Walter
and Beer [15] and the ENDF/B-VIII evaluation [18].

in this work, compared to experimental results by Walter
and Beer [15], and evaluated cross sections published in the
ENDF/B-VIII library. The cross sections determined in this
work are in fair agreement with Walter and Beer as well as
ENDF/B-VIII over most of the neutron energy range covered,
while they are systematically smaller than ENDF/B-VIII and
Walter and Beer above 150 keV.

IV. STELLAR CROSS SECTIONS AND
ASTROPHYSICAL IMPLICATIONS

Maxwellian averaged cross sections were determined by
combining the cross section obtained from resonance pa-
rameters up to 25 keV neutron energy (resolved resonance
region, RRR), with the unresolved averaged cross section for
neutron energies between 25 and 300 keV (unresolved reso-
nance region, URR). From 300 keV, we used cross sections
recommended by the ENDF/B-VIII evaluation, but scaled by
a factor 0.8 to take into account that the new experimental
data indicate an overestimation of the cross section at higher
neutron energies of 10-35%. MACS values were calculated
for kT values between 5 and 100 keV using the formula

2 1 o° E

Uncertainties taking into account all three components
were determined in the following way: The common (abso-
lute) uncertainty for RRR 4+ URR MACSSs orgrr+URr 1S due to
the weighting procedure (2%), the sample enrichment (1%),
the neutron flux (3.5%), normalization (1%), and counting
statistics including uncertainties of the resonance fits (1%).
An additional uncertainty just applicable to the URR, oygg,
comes from the background subtraction using filters (4%),
self-shielding and multiple scattering (1.4%), and subtraction
of the ">Ge background (0.4%). We have assigned a 20%
uncertainty to the scaled ENDF/B-VIII cross sections (0gNpE)
that were used for E, > 300 keV. The contribution of cross
sections above 300 keV to the MACS is negligible for kT

TABLE IV. Maxwellian averaged cross sections obtained from
resonance data below, and averaged cross sections above, 25 keV
neutron energy. The uncertainty is the total uncertainty, including
systematic and statistical uncertainties.

MACS (mb)
kT (keV) This work KADoNiS-1.0 [39] Walter and Beer [15]
5 212.44+9.3 207.3
10 159.7+7.1 154.8
20 115.8£5.6 109.8 112 + 6
30 94.2+4.9 89.1+5.0 92 +5
40 80.8+4.3 77.1 81£5
50 71.5+£3.9 69.3 75+ 4
60 64.6 3.6 63.7
70 59.3+3.3
80 55.1+3.0 56.2
90 51.7+£29
100 48.9+2.7 514

values below 50 keV, and between 2% and 11% for kT =
60-100 keV. The total uncertainty of the MACS was then
determined as

Tt = \/ ORRr+URR T OURR T+ OfNDE- N
Hence, total uncertainties for MACSs values vary from 4.4%
at kT = 5keV to 5.6% at kT = 100 keV.

Table IV lists MACS values determined in this work from
kT = 51to 100 keV. MACSs in this work are compared to rec-
ommended values in the Karlsruhe Astrophysical Database of
Nucleosynthesis in Stars (KADoNiS) version 1.0 [39], which
is widely used as a reference for reaction rates in astrophysical
calculations, and experimental MACSs determined by Walter
and Beer [15]. Agreement with Walter and Beer values is very
good, and there is also good agreement with KADoNiS-1.0,
considering uncertainties. The trend of the MACS values with
kT 1is flatter for Walter and Beer, which can be explained by
their higher averaged cross section at high neutron energies.

Because "°Ge is an even-even nucleus, the contribution
of reactions on excited target states in the stellar plasma
is negligible up to plasma temperatures of about 1.5 GK,
which is well above the s-process temperature range [40,41].
Therefore the experimentally determined MACS can directly
be used as stellar MACS in astrophysical calculations for the
s process.

We have calculated s-process nucleosynthesis abundances
for a massive 25M¢, star for two initial metallicities, below
solar (z = 0.006) and close to solar metallicity (z = 0.01),"
using the multizone post-processing code MPPNP [42]. The
neutron capture network, which is largely based on rates
recommended in the latest released version of KADONIS,
KADONiS-v0.3 [39], included the new "°Ge(n, y) MACSs
obtained in this work and recent results from "*Ge(n, y) [12].
Due to the very good agreement with previous results, there

17 is defined as the mass fraction of elements heavier than helium;
solar metallicity is zo = 0.014.
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FIG. 6. Abundances produced in a 25M, star for two initial
metallicities z, normalized to solar system abundances for which
contributions from the main s process and p process have already
been subtracted. The distribution has been normalized to "°Ge. s-only
isotopes are shown as full circles and isotopes of the same element
are connected by solid lines. The z = 0.006 metallicity model pro-
duces germanium isotopic abundances close to solar proportions,
while the z = 0.01 model provides a better global fit for A = 60-80.

are only small changes in the resultant "°Ge abundances pro-
duced in massive stars (about 3%) using the new Ge MACS.
However, our data provide an independent confirmation of the
only previous measurement at stellar energies and, in addition,
include also MACS for kT > 50 keV, thus improving the
accuracy of stellar model predictions.

Figure 6 shows the weak s-process abundances pro-
duced before supernova explosion, scaled to solar system
abundances and normalized to "°Ge. Isotopes of the same

element have been connected by solid lines. Contributions
to the solar system abundances due to the main s process
and the p process have been subtracted using results by
Arlandini et al. [43] and Travaglio et al. [44], respectively.
The absolute contributions of these two nucleosynthesis pro-
cesses have been determined by normalizing to the main
s-only isotope °Sm and p-only isotope ®*Sr, respectively.
Hence, the solar system abundances shown in Fig. 6 only
contain contributions from the weak s process and explosive
nucleosynthesis processes (r process and «-rich freeze-out).
The results show that the z = 0.006 model reproduces best
the solar isotopic abundance pattern of germanium isotopes,
while the model close to solar metallicity (z = 0.01) provides
a better global fit to the other s-only isotopes "°Se, 8'Kr, and
82Kr. Furthermore, the z = 0.01 model indicates that the weak
s process contributes a large fraction to solar ®Cu, %7:%3Zn,
69’71Ga, 72.73.74Ge, 3 As, and 7778Se abundances. For a firm
conclusion about the absolute contribution of the weak s pro-
cess, however, stellar nucleosynthesis calculations using the
new cross sections need to be implemented into calculations
of galactic chemical evolution, taking into account stars of
different initial metallicities and masses as well as contribu-
tions from explosive nucleosynthesis processes during core
collapse supernova explosions.

V. SUMMARY

We measured °Ge(n, ) cross sections up to 300 keV
neutron energy at the neutron time-of-flight facility n_TOF
at CERN. Resonance capture kernels of 110 resonances were
determined up to 40 keV, while averaged cross sections were
determined up to 300 keV. Maxwellian averaged cross sec-
tions were calculated and are in very good agreement with
the only other previous measurement of this reaction at stellar
energies [15], providing an important independent confirma-
tion of stellar cross sections used in astrophysical calculations.
The new MACSs combined with recent results for MACSs on
BGe(n, y) [12] were used to calculate abundances produced
in two massive star models, with subsolar and close-to-solar
metallicity. Abundances for s-only isotopes match reasonably
well with solar system values, in particular for the model close
to solar metallicity, while the z = 0.006 model reproduces the
germanium isotopic abundance pattern in our solar system.
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