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This manuscript summarizes the results of radiative neutron capture cross-section measurements on
two stable germanium isotopes, "°Ge and ">Ge. Experiments were performed at the n_TOF facil-
ity at CERN via the time-of-flight technique, over a wide neutron energy range, for all stable ger-
manium isotopes (70,72,73,74, and 76). Results for "°Ge [Phys. Rev. C 100, 045804 (2019)] and
"3Ge [Phys. Lett. B 790, 458 (2019)] are already published. In the field of nuclear structure, such mea-
surements allow to study excited levels close to the neutron binding energy and to obtain information
on nuclear properties. In stellar nucleosynthesis research, neutron induced reactions on germanium are
of importance for nucleosynthesis in the weak component of the slow neutron capture processes.

topics: n_TOF, neutron time-of-flight, neutron capture cross-section, MACS

1. Introduction

Neutron capture reactions in stars are respon-
sible for forming about 99% of the nuclei heav-
ier than iron. The slow and rapid neutron cap-
ture processes contribute almost equally to the
overall abundances. The s process takes place
when neutron densities are low (108 n cm~3) and
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radioactive decay is faster than subsequent neutron
capture on radionuclides [3]; when neutron densi-
ties are high (> 10%° n cm~2) nuclei can capture
many neutrons, creating nuclides far from the val-
ley of stability, and then decay by B~ cascades
(the so-called r process [4]). The weak compo-
nent of the s process takes place in massive stars
(> 8 solar masses M) and forms isotopes of mass
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Fig. 1. Nucleosynthesis path of the s process go-
ing along the stability valley. Solid boxes represent
stable isotopes. Slow neutron captures and follow-
ing 8 decays are marked by arrow lines. Red box
indicates the “s-only” "°Ge isotope, purple box in-
dicates the “r-only” "®Ge isotope.

number between 56 and 90. In this scenario, neu-
trons are produced by ??Ne(a,n)?>Mg reaction [5]
in two different burning stages of stellar evolu-
tion. In massive stars, N is produced via the
CNO cycle, and then converted to 22Ne by the re-
action sequence “4N(a,v)¥F(5+1)¥0(a,v)?2Ne.
Towards the end of He core burning, at temper-
atures of about 0.3 GK, neutrons are released by
the 22Ne(a,n)?*Mg reaction. If some 2?Ne survives
the helium burning stage, 2Ne(a,n)?°Mg source is
reactivated at temperatures of about 1 GK during
carbon shell burning [6-10].

Recent studies indicate that the weak s process
is responsible for about 80% of the total germa-
nium abundance [11]. On the other hand, 12%
of germanium is produced in the main s process
in asymptotic giant branch stars, with mass of
about 1-5 Mg, during their thermal pulses. The
remaining 8% is thought to be produced by primary
explosive nucleosynthesis processes [11].

In stars, neutrons are thermalized very fast and
their velocities can be described by the Maxwell—
Boltzmann distribution. Therefore, the key quan-
tity to predict abundances produced in the s process
is the Maxwellian averaged cross-section (MACS).
To study the s process nucleosynthesis for the weak
component, MACS values should be known up
to kT values of about 100 keV.

Figure 1 shows the s process path in the region of
interest. The stable isotope with the lowest mass is
70Ge, which plays a special role as “s-only” nuclide
(with minor contributions from proton-rich nucle-
osynthesis processes) since it is shielded from the
r process production by its stable isobar "°Zn [1].
It suggests that "°Ge is mainly produced in the
s process and its abundance can be used as a refer-
ence to compare to solar abundances.

On the other hand, "Ge due to its position on
the path can be treated as an “r-only” isotope since
it is shielded from the s process by the unstable
Ge with short half-life of 83 min. In addition,
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germanium is commonly used as detector material,
and hence neutron induced reactions on germanium
are important for low-background experiments us-
ing HPGe detectors [12]. The data for "®*Ge is cur-
rently under analysis.

2. Experimental setup and measurement

The measurements of the (n,y) cross-section of
stable Ge isotopes at n_ TOF were performed over
a wide neutron energy range from eV to several
hundreds of keV. The n TOF facility is a part of
the CERN accelerator complex, shown in Fig. 2.
In the first accelerator, LINAC, protons are accel-
erated to energies of 1.4 GeV. Protons of energy up
to 20 GeV from Proton Synchrotron are sent to the
n_TOF spallation target (7x 10'2 protons per pulse
with 0.8 Hz repetition rate). An intense neutron
beam is produced by spallation reactions impinging
on a cylindrical 1.3-tonne lead target (40 cm length,
60 cm diameter) [13]. The moderated neutron spec-
trum ranges from thermal energies (25 meV) to
several GeV.

Measurements were performed at Experimental
Area 1 (EAR1), at a distance of 185 m from the
spallation target, characterized by excellent energy
resolution ranges from 3 x 10~ at 1 eV to 3 x 1073
at 100 keV [13]. The n_TOF facility is equipped
with another experimental beam line, EAR2, with
an approximately ten times shorter vertical flight
path resulting in a higher flux but worse energy
resolution.

For the detection of prompt  rays following cap-
ture reactions, we used CgDyg scintillation detectors,
which have been specially optimised for extremely
low sensitivity to scattered neutrons. Due to this
feature, CgDg detectors are most suitable for mea-
suring isotopes with neutron capture cross-sections
much lower than the elastic scattering cross-section.
Samples used for the (n,7) measurements on Ge iso-
topes consisted of GeOy powder pressed into pallets
of cylindrical shape of 2 cm diameter. All samples
were glued on to a sample holder with 6 ym backing
made of Mylar. Runs with an empty sample holder
were performed to study the sample independent

Experimental
Area

Fig. 2. Layout of the n_TOF facility at CERN.
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background. A metallic germanium sample of nat-
ural composition was measured to identify any con-
tributions from other germanium isotopes present
in the enriched samples.

3. Data analysis

As a first step, the dead-time corrected time-
of-flight counting spectra were converted to neu-
tron energy spectra with the known neutron time-
of-flight and flight path length. The flight path
length was determined by calibrating against well
known low energy resonances in the 7Au(n,y) re-
action [14]. The limitations caused by the experi-
mental setup itself (neutron energy resolution), al-
lowed us to parameterize resonances up to 25 keV
and 14 keV in the case of "°Ge and "2Ge isotope,
respectively.

The experimental capture yield can be described
as
C(E,) — B(E,)
Y(En) fN(En) chp(En) ’ (1)

where C(E,,) is the count spectrum of the measured
sample, B(E,) is the background, ¢. is the detec-
tion efficiency, @ is the neutron flux, and fx(E,,) is
a normalisation factor.

Figure 3 shows the experimental capture yield
compared to the yield predicted by ENDF/B-
VIII [15] (taking into account all the experimental
effects). As can be seen, many new resonances are
observed.

The background B(E,) at the n_TOF facil-
ity consists of the following components: sample-
related background, beam-related background and
ambient background unrelated to the beam. The
environmental background is present during all
measurements. It is due to natural radioactivity
and cosmic rays and it is determined in runs with-
out the beam. Beam-related background is mainly
caused by interactions between the neutron beam
and material in the experimental area and it is de-
termined by measurements with an empty sample

10 —— 70Ge n_TOF
g —— 70Ge ENDF/B-VIII
102
o £
2
=
10° =
(O = O RO R N A R P
1 10 102 10° 10* 10° 10°
Neutron Energy [eV]
Fig. 3. Experimental capture yield of "°Ge(n,y)

reaction in comparison with ENDF /B-VIII capture
yield.
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Fig. 4. °Ge time-of-flight spectrum compared to
empty sample holder, both measured with Al filter
in the beam. The counting spectra are weighted
and normalized to the total number of protons.

holder. Sample-related background is specifically
caused by neutrons scattered off the sample. Usu-
ally, the capture probability is a few orders of mag-
nitude lower than the scattering probability and
thus many neutrons may be scattered from the sam-
ple. Scattered neutrons can be captured by the
surrounding materials and cause additional back-
ground events. In order to correct for the back-
ground due to neutron scattering, runs with neu-
tron filters in the beam were performed.

Figure 4 shows the "°Ge spectrum as well as the
empty sample holder spectrum, both measured with
an Al filter in the beam. The filter was made of alu-
minum of proper thickness to capture all neutrons
from the beam at certain resonance energies. Any
events in the dips of these resonances are produced
by background reactions. The aluminum filter has
those dips at around 35, 86, and 150 keV neutron en-
ergy. The background is scaled to these dips which
are called black resonances.

The 7Au sample was used to obtain a normal-
isation factor fy which corrects the capture yield
since the diameter of the neutron beam is larger
than the diameter of the capture sample. The
sample used for this purpose had the same diam-
eter as the Ge samples. The normalisation was
determined using the '97Au resonance at 4.9 eV
neutron energy, employing the saturated resonance
method [16]. The detection efficiency was taken
into account using the pulse height weighting tech-
nique (PHWT). It is based on applying pulse height
dependent weights to the data, to achieve a capture
efficiency proportional to the excitation energy of
the compound nucleus. Weighting functions were
obtained in detailed simulations of the experimen-
tal setup using GEANT4 [17, 18]. The neutron flux
@ is measured in a separate campaign, using a vari-
ety of different detectors and well known reference
reactions such as 1°B(n,a) and ®Li(n,a) [19].

Neutron resonances from (n,y) reactions on
germanium isotopes were fitted with the multi-
level, multi-channel R-matrix code SAMMY [20].
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Fig. 5. Example for some SAMMY fits of the "°Ge
experimental capture yield. Solid line shows the re-
sult of SAMMY fit, dots are the experimental cap-
ture yield measured at n_ TOF.

SAMMY takes into account all experimental ef-
fects, such as broadening of resonance shape and
self-shielding, and multiple scattering corrections.

In addition, sample impurities due to other Ge
isotopes and oxygen were taken into account. From
a single capture measurement only the capture ker-
nel k£ can be extracted. It is defined as:

r
e S

n ¥
where ¢ is a statistical factor for different spin com-
binations. It is given by

(2J +1) 3
(2s+1)(2I 4+ 1) (3)
where J is the resonance spin, s is the neutron spin
and I is the ground state spin of the target nu-
cleus. The partial neutron and radiative widths,
Iy and I, respectively, and the energy were ob-
tained with SAMMY. For known resonances, initial
parameters were taken from the Atlas of Neutron
Resonances [21]. Resonance structures can be ob-
served until the experimental broadening is larger
than the distance between subsequent resonances.
This energy region is called the resolved resonance
region (RRR). A few examples of "“Ge resonance
fits are shown in Fig. 5.

Average radiative width T,y and the average res-
onance spacing Dy were determined using the res-
onances in the RRR. Only strong resonances, for
which the SAMMY fit yielded I3, > 1017, were
chosen. Detailed results and averaged parameters
for "°Ge and "Ge can be found in [1] and [2], re-
spectively. With increasing neutron energy, due to
the worsening of the experimental resolution com-
bined with lower statistics and increasing resonance
widths, analysis of individual resonance parameters
is no longer possible. This energy region is called
the unresolved resonance region (URR). The level
of the background also increases as a result of which
a fraction of smaller resonances may be missed, re-
sulting in an underestimation of the cross-section.
The unresolved capture cross-section was obtained
after subtraction of backgrounds due to neutron
scattering and contributions due to impurities, and
applying corrections for multiple scattering and self-
shielding effect.

k=g
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4. Stellar capture cross-section

We calculated Maxwellian averaged
sections (MACS), defined as:
o0

2 o(E)e—B/(kaT)
NG (kBT)2O/dEE (E)e (,4)

using resonance information from SAMMY fits
combined with the unresolved cross-section which
we determined up to neutron energies of 300 keV.
Final uncertainties in the MACS values are ~ 5%.

Figure 6 shows the ratio between experimental re-
sults obtained from n_TOF data and values from
the Karlsruhe Astrophysical Database of Nucle-
osynthesis in Stars [22], which is based on previous
data and theoretical predictions.

In the case of °Ge, there are only small changes
in the resultant °Ge abundances produced in mas-
sive stars using the new °Ge MACS, about 3%.
The reason for that is a very good agreement
with previous results published by Walter and Beer
in 1985 [23]. In the case of >Ge, MACSs are a fac-
tor about 1.5 larger than MACSs recommended
to be used in stellar models, which were based
on KADoNiS-1.0. It is worth mentioning that it
was the first capture cross-section measurement on
7Ge isotope. This results in a reduction of the
Ge abundances by over 30%. The new data in-
dicate that the germanium isotopic abundance pat-
tern produced in the s process in a low metallicity
massive star is compatible with the isotopic abun-
dance pattern of the solar system [2].

Cross-

1

MACS =

5. Conclusions

Neutron capture cross-sections on Ge have im-
pact on abundances produced in the weak com-
ponent of the slow neutron capture process. Re-
cently, cross-sections on all stable Ge isotopes have
been measured at the n_TOF facility at CERN.
Results for "°Ge and "3Ge have already been pub-
lished in [1, 2], while data analysis for the remaining
isotopes is still ongoing.

165 = 70Ge
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Fig. 6. Ratio between MACSs values obtained

at n_TOF [1, 2] and values from KADoNiS-1.0
database [22].
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