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Background Approximately half of all atomic nuclei heavier than iron are synthesized by the
slow neutron capture process. The weak component of this process is not well understood and the
reaction rates of each isotope in the s-process path affect nucleosynthesis abundances downstream.

Purpose To measure the neutron-capture cross sections of two weak s-process nuclei, 70,72Ge,
using the neutron time-of-flight technique. Measuring the capture cross sections for isotopes in this
region of the chart of nuclides has proven challenging due to dominant scattering cross sections.

Method Samples consisted of pellets made of pressed enriched metallic powders. The 70,72Ge
neutron-capture cross sections were measured as a function of neutron energy using the Detector
for Advanced Neutron Capture Experiments at Los Alamos National Laboratory.

Results Neutron-capture cross sections were measured from 10 eV to 1 MeV. These are the
first measurements for 70,72Ge between 300 keV and 1 MeV neutron energy. Maxwellian-averaged
cross sections were calculated in the astrophysically relevant neutron energy range (5 keV ≤ kT ≤
100 keV). Their value at kT = 30 keV was found to be 89 ± 11 mb for 70Ge and 58 ± 5 mb for 72Ge.
Both values are in agreement with recent time-of-flight measurements at n TOF.

Conclusions The average cross section results from this work for 70Ge show minor (< 1σ) dis-
agreement with a recent measurement by the n TOF collaboration at higher neutron energies. This
corresponds to the neutron energy region that had previously never been measured (> 300 keV).
Two reaction library databases underestimate the 72Ge average cross section below 30 keV accord-
ing to n TOF and DANCE. This is likely due to capture resonances that are missing from the
theoretical cross sections in the databases that were identified in both time-of-flight measurements.
Additionally, a rudimentary analysis of the impact of both cross section measurements on stellar
nucleosynthesis abundances using the NETZ nucleosynthesis tool is presented.

I. INTRODUCTION

The slow neutron-capture process (s process) is respon-
sible for synthesizing roughly half of all atomic nuclei
heavier than iron [1]. The s process can be further di-
vided into two parts: the main component and the weak
component [2, 3]. In heavy (8 − 25 M�) main sequence
stars, the weak component of the s process synthesizes
elements up to strontium or yttrium (A = 88, 89). Stud-
ies have been carried out to investigate how sensitive the
s-process isotopic abundances are to changes in reaction
rates of other isotopes in the s-process path [4, 5]. The
results show that changes in the reaction rates of lighter
weak s-process nuclei have a downstream effect on heavier
isotopes and cause significant changes in isotopic abun-
dances [5]. This is because the weak s process occurs in a
low neutron density environment. Therefore, an accurate
measure of the radiative neutron capture cross sections
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of s-process elements is critical to understanding isotopic
abundances in the weak s process. Measuring these cross
sections has proven to be challenging as they are gener-
ally much smaller than the scattering cross sections in
this region of the chart of nuclides.

All stable germanium isotopes (70,72,73,74,76Ge) partic-
ipate in the weak s process, but 72Ge was identified by
Pignatari et al. as being of particular importance [5].
Additionally, 70Ge is one of the few s-only isotopes in
the weak s process making it an important isotope for
constraining s-process abundances [6].

There are few experimental measurements of the
70,72Ge radiative neutron capture cross sections. Both
isotopes were recently measured by the n TOF collabo-
ration [7, 8]. 70Ge had been measured previously only one
time by Walter and Beer in 1985 [9], and 72Ge had never
been measured before the n TOF measurement. Given
the dearth of measurements for these isotopes, additional
measurements to validate the recent n TOF results are
necessary.

The neutron capture cross sections of 70,72,74,76Ge were
measured via the neutron time-of-flight method at Los
Alamos National Laboratory. Presented in this paper are
the results from the measurement of 70,72Ge. The results
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for 74,76Ge will be presented in a forthcoming paper as
there is additional motivation for their measurement.

II. EXPERIMENTAL TECHNIQUE

Measurements were conducted at the Los Alamos Neu-
tron Science CEnter (LANSCE) at Los Alamos National
Laboratory (LANL). At LANSCE, an 800 MeV proton
beam is produced using a linear accelerator. This beam
is bunched into pulses using a proton storage ring before
being delivered to a tungsten target where neutrons are
produced by high-energy spallation reactions. The neu-
trons are moderated by a water moderator before trav-
eling down flight path 14 and impinging on a sample
located at a flight path length of 20.3 m [10]. Neutron
energies are determined via the time-of-flight.

Surrounding the sample is an array of 160 BaF2 de-
tectors that form the Detector for Advanced Neutron
Capture Experiments (DANCE), a nearly 4π solid an-
gle calorimeter [11]. The high timing resolution of BaF2

permits a narrow coincidence window, reducing effects
from multiple event detection.

Two beam monitors are placed downstream from
DANCE to determine the neutron flux at the sample
location: a 6LiF converter foil coupled to a silicon de-
tector and a 235U fission chamber. Due to the respective
reaction cross sections, each of these detectors are prop-
erly equipped to handle different neutron energy regimes:
6LiF for En ≤ 5 keV and 235U for En ≥ 5 keV. The yield
of the 235U fission counter is normalized to that of the
6Li detector from 3 keV to 5 keV neutron energy where
both cross sections are smoothly varying. This normal-
ization accounts for any detector geometry effects such
as solid angle coverage so that a consistent flux can be
determined.

Several samples were used during the experimental
campaign. Highly-enriched samples of each germanium
isotope, a lead sample that reproduces the effects of neu-
tron scattering, and a gold sample with a thickness of
5 kÅ for flux normalization were used. The isotopic as-
says and masses for the germanium targets are shown in
Table I. Most of the germanium samples were delivered
by Trace Isotopes in the form of a metallic powder. The
powder was pressed into cylinders with a diameter of ap-
proximately 5 mm. The lone exception is the 76Ge sample
which was provided by the LEGEND collaboration [12].

III. DATA ANALYSIS

A. Background Subtraction

All DANCE detectors firing within the 10 ns coinci-
dence window are considered to have detected γ rays
from a single neutron capture. Several observables are
available for each capture event. The most important

TABLE I. The isotopic composition of the 5 germanium sam-
ples.

Sample Mass Isotopic Abundance (%)

(mg) 70Ge 72Ge 73Ge 74Ge 76Ge

70Ge 97.6 95.85 4.09 0.04 0.02
72Ge 108.4 0.29 98.2 0.29 1.04 0.18
73Ge 76.5 0.005 1.36 96.34 2.29 0.005
74Ge 207.6 0.01 0.16 1.9 97.53 0.4
76Ge 265.8 0.004 0.009 0.028 12.68 88.1

FIG. 1. The EΣ vs En spectrum for cluster multiplicities
Mcl = 2 − 5 from 72Ge. Note the different line lengths in EΣ

indicating different reaction Q values from different isotopes
in the target. Horizontal lines at 6.78 and 10.2 MeV have
been placed to denote the Sn of 72Ge and 73Ge, respectively.

ones are neutron energy (En), sum of γ-ray energies de-
tected by DANCE (EΣ), and γ-ray multiplicity. When
γ rays are detected in a BaF2 crystal, they often scatter
into a neighboring crystal. Neighboring crystals that fire
within the coincidence window are grouped together as
a “cluster”. The cluster multiplicity (Mcl) is used as a
proxy for γ-ray multiplicity. For a chosen set of Mcl, a
spectrum of EΣ as a function of En is then constructed.
Only the fraction of events with Mcl = 2−5 are included
in the analysis since Mcl = 1 is strongly dominated by
backgrounds including neutron scattering and there are
few events with Mcl > 5. An example of the EΣ vs En
spectrum for 72Ge is shown in Figure 1. This spectrum
illustrates the strength of DANCE as a calorimeter. The
capture events form a peak near the reaction Q value, cor-
responding to a complete detection of emitted γ rays and
a tail toward to lower energies formed by events where a
fraction of emitted γ-ray energy escapes detection. Pile-
up from detection of γ rays from multiple captures can
be seen for strong resonances, though this is a negligi-
ble portion of events because of the narrow coincidence
window.

The EΣ spectrum is composed of captures on the iso-
topes of interest as well as contaminant Ge isotopes, cap-



3

tures of scattered neutrons in Ba present in detectors,
beam-on backgrounds (more detail later) and a beam-off,
ambient background. Beam-off background events are
primarily low EΣ and single cluster multiplicity. Since
both of these regions are excluded in the analysis, they
are neglected. In order to subtract the dominant back-
grounds leaving only the yield from the isotope of inter-
est, the calorimetric properties of DANCE are exploited.
Since γ cascades produce peaks in EΣ near the capture
Q value, the signatures of each isotope can be differenti-
ated based on the Q value of the reaction. The Q value
for neutron capture is the neutron separation energy plus
the incident neutron energy. The neutron separation en-
ergies for each stable germanium isotope are shown in
Table II.

TABLE II. Neutron separation energies Sn for stable germa-
nium isotopes.

Isotope 70Ge 72Ge 73Ge 74Ge 76Ge
Sn (MeV) 7.42 6.78 10.20 6.51 6.07

The reaction with the highest Q value will produce a
spectrum in EΣ whose peak is higher in energy than all
others. In all of the germanium samples, this background
comes from neutron captures on 73Ge. By going bin-by-
bin in neutron energy and projecting onto the EΣ axis,
an EΣ profile at individual neutron energies is acquired.
The amount of 73Ge to be subtracted within that En bin
is identified by matching the portion of the EΣ spectrum
that occurs above the Q values from all other reactions.
This range for 73Ge is between 9.6 and 10.2 MeV. The
bin-by-bin background subtraction procedure is preferred
in the case that neutron energy spectra are not consistent
between samples. This technique is even more important
in the case of background from scattered neutrons where
the scattering cross section of the germanium samples
and the lead sample have a different neutron energy de-
pendence.

Next, contributions from neutron scattering are sub-
tracted. Scattered neutrons are captured by barium iso-
topes in the BaF2 detectors and the ensuing γ cascades
are detected. The stable barium isotopes in the detectors
of DANCE are 134,135,136,137,138Ba and have neutron sep-
aration energies of 6.97, 9.11, 6.90, 8.61, and 4.72 MeV,
respectively. Since the capture Q values for 135,137Ba
are above the capture Q value for 70,72Ge, the scatter-
ing contribution can be subtracted in a similar fashion
to 73Ge by normalizing the lead target scattering data
to the peak above the 70,72Ge Q values. For 70,72Ge, the
spectra were matched from 7.8 to 9.1 MeV. An example
of this process is shown in Figure 2 for En = 94− 95 eV.

While lead accurately reproduces the EΣ spectrum
from neutron scattering above about 4.5 MeV, there is an
important discrepancy to note at lower EΣ. Neutron cap-
tures on 1H in the water moderator at LANSCE produce
a 2.2 MeV γ-ray component to the beam. Since lead has
a significantly higher Z than germanium, the lead target
scatters more of these γ rays into the crystals of DANCE

FIG. 2. An example of a EΣ spectrum from the 72Ge target
data at En = 94 − 95 eV and Mcl = 2 − 5. This shows
the raw data (black), the scaled EΣ spectrum from capture
on 73Ge (red), the scaled scattering spectrum (magenta), and
the results of the 73Ge and scattering subtraction (blue). The
scattering subtraction is unrealistic below about 4.5 MeV so
the shaded region is excluded from the yield calculation (see
text for details).

than the germanium targets do. Additionally, pair pro-
duction resulting in two back-to-back 511 keV photons
shows up in both EΣ spectra. Again, the higher Z of
lead results in a higher cross section for pair production
and thus an enhancement in the EΣ spectrum around 1
MeV. Because of these issues with the background sub-
traction, the low EΣ and Mcl = 1 data will be excluded
when the capture yield is determined. Accounting for
this exclusion will be discussed in a later section of the
manuscript.

Finally, contributions from other germanium isotopes
with similar Q value to the isotope of interest must
be subtracted. The normalization technique described
above cannot be used since Q value peaks separated by
about 500 keV or less cannot be sufficiently resolved. In-
stead, the 73Ge and scattering backgrounds were sub-
tracted from each of the parasitic germanium target spec-
tra. These background-subtracted spectra are normal-
ized using a strong, isolated resonance of the parasitic
germanium isotope.

The entire EΣ vs En spectrum corresponding to the
parasitic isotope is then subtracted from that of the iso-
topes of interest using a single normalization factor. The
ideal 70Ge resonance that appears in the 72Ge sample is
near 1474 eV neutron energy. The cross sections multi-
plied by the relative abundances for 70,72Ge in the 72Ge
sample result in a ratio of approximately 400:1 in this
region favoring 70Ge. For the 70Ge sample, the 72Ge
resonance at 1118 eV neutron energy is used for normal-
ization. There is approximately a 2900:1 ratio favoring
72Ge in this neutron energy region. Additionally, the
74Ge background is subtracted from the 72Ge data by
gating on the resonance near 3051 eV. This resonance
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favors 74Ge in the 72Ge sample by a factor of about 500.

B. Neutron Fluence Determination

Directly measuring the fluence at the target location
is challenging. Instead, the yield of the beam monitor,
YBM , is measured as a function of En and divided by the
relevant detection cross section, σBM , for the beam mon-
itor. This quantity is proportional to the neutron fluence,
ΦT , at the target location and does not require the con-
sideration of geometric factors between the targets and
beam monitors.

ΦT = κ
YBM (En)

σBM (En)
(1)

In order to determine κ, the capture yield of a well-
studied nucleus is measured and a scaling factor is de-
termined to match the known cross section to the yield.
The capture yield is related to the cross section by the
following equation:

YT (En) = NTσT (En)ΦT (En) (2)

A 5 kÅ thick 197Au target was used for this procedure
as it has a large capture resonance of approximately 26
kilobarns at a neutron energy of about 4.9 eV [13]. The
5-kÅ thickness minimizes the effects of multiple interac-
tions and saturation effects. Additionally, the total cross
section of 197Au in this neutron energy region is domi-
nated by neutron capture (≈ 90% of total cross section
[13]) which simplifies the background subtraction. Ref-
erence [14] details how to account for the background in
this measurement.

C. Detector Efficiency

Since only a fraction of events are considered in the
analysis, the percentage of events in the EΣ and Mcl

gates must be determined. To determine this efficiency,
DANCE’s response to γ cascades was simulated and the
fraction of events that were excluded by the data cuts
were calculated from the simulations. The simulations
were based on a combination of dicebox code [15] γ-
cascade generation and simulations of detector response
in geant4 [16].

Several different models of photon strength functions
(PSFs) and nuclear level density (NLD) for the theoret-
ical inputs to dicebox were examined. They included
PSF models based on Generalized Lorentzian [17, 18] and
Modified Generalized Lorentzian (MGLO) [19] for E1
PSF and spin flip (SF), single particle (SP) models as well
as a low-energy enhancement observed in many nuclei
with the Oslo method [20] for M1 PSF. The Constant-
temperature (CT) and Back-shifted Fermi gas model was
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FIG. 3. A comparison of DANCE’s simulated response (gray)
with data from four different neutron resonances, specified in
legend, for 72Ge. Simulations were performed using MGLO
model of E1 PSF, SF+SP combination in M1 PSF in con-
junction with CT LD model.

then used for NLD. Models for dicebox simulation were
validated via comparison to experimental spectra of mul-
tiplicity distribution, γ-ray energy distribution, and EΣ

distribution for different multiplicities. Here only the EΣ

distributions are shown.
Spectra of four resonances (likely with different spin

and parity) for individual Mcl of 72Ge are shown in Fig-
ure 3. They were normalized to the same number of
counts and are compared with simulations from 1/2+

resonances. Very similar PSFs and NLD models provide
satisfactory description of spectra for 70Ge as well. The
simulated corridor (mean plus/minus one standard devi-
ation) comes from different artificial nuclei produced in
dicebox calculations normalized in the same way as ex-
perimental spectra. The simulated spectra show a spread
comparable to that from experiment. In addition, the
predictions for resonances with different spins and pari-
ties appear to be similar. This behavior implies that an
efficiency for detection of events with 2 ≤ Mcl ≤ 5 and
a range of EΣ should be very similar for resonances with
all relevant spins and parities.

The fraction of events, εcut, that occur within the
multiplicity and EΣ gates as a function of lower EΣ

limit, Emin
Σ , for both Ge nuclei and s- and p-wave

resonances is shown in Fig. 4. The limit for actual
cross section analysis has been chosen to consider rel-
atively broad range of EΣ, which increases the sta-
tistical precision while constraining the uncertainty in
the efficiency. Namely, Emin

Σ = 5.5 and 4.5 MeV were
considered for 70,72Ge, respectively. The resulting ef-
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FIG. 4. Efficiency for detecting a γ cascade from neutron
capture with 2 ≤ Mcl ≤ 5 as a function of Emin

Σ for (a) 70Ge
and (b) 72Ge. The 1σ bounds from the simulation of each line
are given by shaded bands.

ficiency values are εcut = 50.5±1(stat.)±3(sys.)% and
57.4±0.5(stat.)±3(sys.)% for 70Ge and 72Ge, respec-
tively. Systematic uncertainties originate from variation
between simulation and experimental data according to
[21].

IV. RESULTS

A. Differential Cross Sections

Using the thin target approximation, the neutron cap-
ture cross section is given by:

σn,γ =
Yn,γ(En)

εcutfaNGeΦT (En)
(3)

where Yn,γ is the background-subtracted capture
yield, NGe is the number of atoms in the sample, and
fa is a target correction for neutron transmission to
the beam monitors calculated using the total cross sec-
tion from the Evaluated Nuclear Data Files (ENDF/B-
VIII.0) database [13]. fa deviates from unity only at the
strongest resonances. Table III details the systematic
uncertainties considered in these measurements.

Figure 5 shows a comparison of the cross section of
70Ge measured in this work to the evaluated cross sec-
tion in the ENDF/B-VIII.0 database. A number of res-
onances that were not identified in the evaluated cross

TABLE III. Sources of systematic uncertainties considered
in these measurements. Non-bold values constitute sources of
error in neutron fluence determination. Bold values are added
in quadrature to arrive at the total systematic uncertainty.

Source of Uncertainty 1σ Uncertainty (%)
Number of 197Au atoms 4.0
κ Fit 4.4
197Au Cross Section 2.7
Neutron Fluence 5.9
70Ge Efficiency 7.9
72Ge Efficiency 6.1
Number of Ge atoms 0.2
70Ge Total 9.9
72Ge Total 8.5

section can be seen. This is also the first measurement
of the cross section above 300 keV.

The energy differential cross section for 72Ge was cal-
culated in the same manner and is also shown in Fig-
ure 5. As was the case with 70Ge, several resonances
that were not included in the evaluated cross section in
the ENDF/B-VIII.0 database are present in the data.
Most notably for astrophysics, a large capture resonance
is seen at a neutron energy of approximately 6 keV in ad-
dition to smaller resonances below 10 keV. Because this
region is close in energy to the astrophysically relevant
region, the newly identified resonances have an effect on
the stellar nucleosynthesis reaction rates predicted by the
evaluated cross section. These resonances are also iden-
tified by the n TOF collaboration.

B. Maxwellian-Averaged Cross Sections

Because the energy of neutrons in a stellar environment
is described by a Maxwell-Boltzmann distribution depen-
dent on temperature, the Maxwellian-averaged cross sec-
tions (MACS) for each isotope were calculated as a func-
tion of kT using the following equation:

σMACS(kT ) = 2√
π

1
(kT )2

∫∞
0
σ(En)Ene

−En/kT dEn

≈ 2√
π

1
(kT )2

∑b
a σEn

Ene
−En/kT δEn (4)

The integral is approximated by a discrete sum where
the 0 to∞ energy limits are replaced with the experimen-
tal limits a = 10 eV to b = 1 MeV. The neutron energy
binning is logarithmic in order to avoid uncertainties due
to the exponential dependence of the reaction rate on
neutron energy.

MACS values were calculated for 70,72Ge using the dif-
ferential cross sections that were measured with DANCE.
Note that the full neutron energy range needed to cal-
culate these values was measured in this work, remov-
ing any reliance on external data or calculations. Ta-
bles IV and V show comparisons of the values from
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FIG. 5. Comparisons of the neutron capture cross sections of (a) 70Ge and (b) 72Ge with evaluated cross sections from the
ENDF/B-VIII.0 database.

this work to two databases: ENDF/B-VIII.0 and Karl-
sruhe Astrophysical Database of Nucleosynthesis in Stars
(KADoNiS-v1.0) [22].

C. Comparisons with Recent Measurements

Measurements of the neutron capture cross sections of
70Ge and 72Ge were recently published by Gawlik et al.
[7] and Dietz et al. [8], respectively. These measurements
were performed by the n TOF collaboration at EAR-1 of
n TOF facility at CERN. A key difference between the

n TOF experiment and this measurement at the LAN-
SCE facility is the detector setup which leads to different
data analysis methods.

Since DANCE is a 4π calorimeter, a measurement of
the neutron capture cross section by means of directly
subtracting all backgrounds and impurities while hav-
ing a good control of each contribution by measuring γ
cascades can be performed. The n TOF setup, on the
other hand, employs a comparatively smaller array of
four deuterated benzene (C6D6) detectors which are rel-
atively insensitive to detecting scattered neutrons [23].
Capture yields are deduced using the total energy detec-



7

TABLE IV. 70Ge MACS values from this work com-
pared to those from the ENDF/B-VIII.0 and KADoNiS-v1.0
databases.

kT MACS (mb)
(keV) This Work ENDF/B-VIII.0 KADoNiS-v1.0

5 196 ± 15 208 ± 62 207.3
10 147 ± 14 155 ± 39 154.8
20 107 ± 13 110 ± 17 109.8
30 89 ± 11 89 ± 5 89.1 ± 5.0
40 79 ± 10 77 ± 7 77.1
50 72 ± 9 70 ± 8 69.3
60 67 ± 8 64 ± 10 63.7
70 64 ± 8 60 ± 12
80 61 ± 8 56 ± 13 56.2
90 59 ± 7 54 ± 14 53.1
100 57 ± 7 52 ± 16 51.4

TABLE V. 72Ge MACS values from this work compared
to those from the ENDF/B-VIII.0 and KADoNiS-v1.0
databases.

kT MACS (mb)
(keV) This Work ENDF/B-VIII.0 KADoNiS-v1.0

5 141 ± 10 102 ± 26 104 ± 26
10 102 ± 8 76 ± 19 80 ± 20
20 71 ± 6 61 67 ± 17
30 58 ± 5 53 59 ± 15
40 51 ± 5 49 54 ± 14
50 46 ± 4 45 50 ± 13
60 43 ± 4 43 47 ± 12
70 41 ± 4 41
80 39 ± 4 39 43 ± 11
90 38 ± 4 38
100 37 ± 3 37 40 ± 10

tion principle [24] in combination with the pulse-height
weighting technique [25]. Additionally, n TOF’s compar-
atively longer flight path produces enhanced neutron en-
ergy resolution. The technique employed at n TOF and
the one from this work using DANCE thus complement
one another. Complementary techniques are valuable for
challenging capture cross section measurements in this
region of the chart of nuclides.

For 70Ge, Figure 6 shows a comparison of the results of
this work with the recent measurement by Gawlik et al.
[7], the older TOF measurement by Walter et al. [9], and
the values from ENDF/B-VIII.0. The measurement from
this work shows good agreement (< 1σ) with both ex-
perimental measurements as well as the database values.
There is a slight divergence in the energy dependence at
higher energies.

Figure 6 also shows a comparison of the 72Ge MACS
values from this work with Dietz et al. [8], and the val-
ues from the two databases. The measurement from this
work is within 1σ agreement with the n TOF measure-
ment across the energy range studied with the excep-
tion of kT = 5 keV. According to both TOF measure-
ments, the databases underestimate the MACS below ap-
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FIG. 6. Comparisons of the MACS from this work with previ-
ous measurements and evaluated database values for (a) 70Ge
and (b) 72Ge.

proximately kT = 30keV. Additionally, the measurement
from this work shows excellent agreement with the ENDF
database values above kT = 50 keV.

V. ASTROPHYSICAL IMPACT

MACS values have a direct influence on stellar nucle-
osynthesis reaction rates, and in the weak s process the
effects on the reaction rate of one isotope propagate to
isotopic abundances further along the s-process path. In
order to assess the astrophysical effects of these measure-
ments, the MACS values measured in this work were used
in an s-process simulation network, NETZ [26]. NETZ
is an online tool that allows the database reaction rate
of any s-process isotope to be adjusted by a scaling fac-
tor and gives an output of the corresponding fractional
change in isotopic abundances for all s-process isotopes.
NETZ uses the KADoNiS-v1.0 database as a reference
for MACS values.

Figure 7 shows a comparison of the changes in s-process
abundances when including both measurements from this
work for the two astrophysically relevant temperatures
(kT = 30 and kT = 90 keV). The greatest change occurs
in carbon shell burning where the abundance of 70,72Ge
are decreased and increased by about 10%, respectively.
The abundance effects are less substantial for helium core
burning where MACS from this work show more agree-
ment with the database values.

At both temperatures, there is only minor change in
downstream abundances when updated cross sections are
included for both isotopes. For the case of helium core



8

burning (kT = 30 keV), the measured 70Ge cross section
has good agreement with the KADoNiS values so there
is little compounding effect between the two measure-
ments. As for carbon shell burning (kT = 90 keV), the
KADoNiS database underestimates the cross section of
70Ge and overestimates the cross section of 72Ge. There
is a compensating effect between the two and the net re-
sult is a minor alteration (< 2%) in the weak s-process
abundance for heavier isotopes.

FIG. 7. A ratio of the NETZ weak s-process simulation results
at (a) kT = 30 keV and (b) kT = 90 keV when including this
work’s measurements. Points are color coded according to
elements and appear in order from lightest to heaviest.

VI. CONCLUSIONS

The neutron-capture cross sections of 70,72Ge as a func-
tion of neutron energy were measured at LANSCE via the
time-of-flight method using DANCE. The energy range
for these measurements was 10 eV to 1 MeV, constituting
the first measurement of the cross section for both iso-
topes above 300 keV. MACS in the astrophysically rele-
vant energy range were extracted for each isotope. While
the MACS for both 70Ge and 72Ge in this work exhibit
substantial overlap with the n TOF measurements, there
are notable differences in the temperature dependence.
Stellar nucleosynthesis calculations were performed using
the NETZ code to examine the impact of these measure-
ments on weak s-process abundances. While the abun-
dances of 70,72Ge are changed by up to 10%, the down-
stream effects are more subdued because of compensatory
effects, namely that an increase in the cross section for
70Ge is offset by a decrease in the 72Ge cross section
particularly at kT = 90 keV. This work also formed the
basis for the graduate thesis of the first author. For more
in-depth discussion of the data analysis, refer to [27].
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