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The neutron radiative-capture cross section of 76Ge was measured between 0.4 and 14.8 MeV 
using the activation technique. Germanium samples with the isotopic abundance of ∼86% 76Ge and 
∼14% 74Ge used in the 0νββ searches by the GERDA and Majorana Collaborations were irradiated with 
monoenergetic neutrons produced at eleven energies via the 3H(p, n)3He, 2H(d, n)3He and 3H(d, n)4He
reactions. Previously, data existed only at thermal energies and at 14 MeV. As a by-product, capture 
cross-section data were also obtained for 74Ge at neutron energies below 8 MeV. Indium and gold foils 
were irradiated simultaneously for neutron fluence determination. High-resolution γ -ray spectroscopy 
was used to determine the γ -ray activity of the daughter nuclei of interest. For the 76Ge total capture 
cross section the present data are in good agreement with the TENDL-2013 model calculations and the 
ENDF/B-VII.1 evaluations, while for the 74Ge(n, γ )75Ge reaction, the present data are about a factor of 
two larger than predicted. It was found that the 74Ge(n, γ )75Ge yield in the High-Purity Germanium 
(HPGe) detectors used by the GERDA and Majorana Collaborations is only about a factor of two smaller 
than the 76Ge(n, γ )77Ge yield due to the larger cross section of the former reaction.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
1. Introduction

The physics motivations for searches of neutrino-less double-
beta decay (0νββ) are well known [1]. Currently, large scale 
searches are underway using the target isotopes 76Ge [2,3], 
130Te [4] and 136Xe [5,6], while a number of other double-beta 
decay isotopes are used in smaller-scale experiments. It is inter-
esting to point out that in most ongoing or planned experiments 
the double-beta decay target isotope is also the main compo-
nent of the detector material. The most notable exceptions are 
KamLAND-Zen [6], NEMO [7], and SNO+ [8]. Common to all 
0νββ decay searches is the requirement that background events 
in the energy region of interest, a narrow energy band centered 
at the Q-value for 0νββ , must be extremely small. The typical 
goal is one count per keV, per tonne of target material and year 
of counting. To put this goal in perspective, we note that the 
current value published recently by the GERDA Collaboration is 
10 counts keV−1 t−1 yr−1 [2]. However, for covering the inverted 
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neutrino-mass hierarchy region, an even lower background limit 
than 1 count keV−1 t−1 yr−1 is required. Approaching such a low 
level of background requires not only extremely radio-pure target 
and shielding materials to minimize internal radiation, but also 
sophisticated measures to minimize external radiation, especially 
cosmic-ray or (α, n) produced neutrons, which in turn have the 
potential to contribute to the internal radiation in the γ -ray en-
ergy region of interest.

Although the neutron slowing-down process is complicated, 
cosmic-ray produced spallation neutrons with energies above 
10 MeV tend to undergo the AX(n, 2n)A−1X reaction, which by 
far has the largest cross section (1 to 2 b) of all possible reaction 
channels and which peaks at approximately 15 to 20 MeV incident 
neutron energy. This process not only increases the neutron flux 
by a factor of two, but also may result in radioactive daughter nu-
clei A−1X, in addition to the de-excitation γ rays before the A−1X
nucleus reaches its ground state. Eventually, most of the neutrons 
will be captured via the radiative-capture reaction A X(n, γ )A+1X, 
resulting in a cascade of prompt de-excitation γ rays from excited 
states of the A+1X nucleus with excitation energies of typically 
6 to 7 MeV for thermal neutron capture, and delayed γ rays, 
if the A+1X nucleus is radioactive. Although the thermal neutron-
capture cross section is known to be considerably larger than 
 under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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Fig. 1. (Color online.) Partial level schemes of interest for (a) the 76Ge(n, γ ), and (b) 74Ge(n, γ ) reactions. All energies are in keV. The excitation energies of 6072 keV and 
6505 keV refer to thermal neutron capture on 76Ge and 74Ge.
the neutron-capture cross section at MeV energies, neutron cap-
ture reactions can occur before thermalization, resulting in higher 
excitation energies of the nucleus A+1X. In addition, angular mo-
mentum values l > 0 can be transferred. Both effects provide for 
a richer de-excitation γ -ray spectrum than obtained with thermal 
neutrons. For (α, n) neutrons the AX(n, 2n)A−1X channel is typi-
cally not open, and therefore, these neutrons will basically undergo 
the radiative capture process only, because the other open reaction 
channels have only very small cross sections.

In order to more accurately predict the neutron-induced inter-
nal background in the 76Ge based 0νββ decay searches GERDA and 
Majorana, the neutron-capture cross section of 76Ge and 74Ge must 
be known. In these two experiments enriched High-Purity Germa-
nium (HPGe) is used as target and detector material with isotopic 
abundance of approximately 86% 76Ge and 14% 74Ge. For 76Ge the 
neutron-capture cross section has been measured previously only 
at thermal energies and at 14 MeV, while for 74Ge data exist up to 
4 MeV.

Simplified decay schemes for 77Ge and 75Ge are given in Fig. 1. 
As can be seen, prompt γ rays with total energies of above 
6072 keV (from the de-excitation of 77Ge) and 6505 keV (from 
the de-excitation of 75Ge) are emitted before beta decay to 77As 
(for 77Ge) and 75As (for 75Ge) takes place. The ground-state half-
life times of 77Ge with spin/parity 7/2+ and 75Ge with spin/parity 
1/2− are 11.2 h and 82.8 m, respectively. These times are long 
compared to the half-life times of the isomeric transitions (IT) 
1/2− → 7/2+ in 77Ge and 7/2+ → 1/2− in 75Ge of 53.7 s and 
47.7 s, respectively. Both IT transitions feed the associated ground 
state. The isomeric state of 77Ge β− decays with a sizable branch-
ing ratio (19%). Therefore, in order to obtain the total capture 
cross section, its decay to 77As has to be considered, in addition 
to the ground state β− decay of 77Ge. Because of the short half-
life of the 159.7 keV state of only 53.7 s, measuring its decay 
provides an experimental challenge due to the lack of sufficiently 
intense monoenergetic neutron sources in the MeV energy range. 
The β−-decay branching ratio of the 139.7 keV isomeric state of 
75Ge is only 0.030%, and therefore, will be neglected in the follow-
ing.

There are no levels known to exist in 77Ge and 75Ge and their 
daughters 77As and 75As, respectively, which produce a single γ
ray in the vicinity of 2039 keV, the 0νββ decay Q-value of 76Ge. 
The 2037.87 keV γ ray resulting from the decay of the 2513.47 keV 
level in 77As is either in coincidence with a 475.48 keV γ ray or 
with two γ rays of 264.43 keV and 211.03 keV, making it less 
likely to be detected as a 2037.87 keV single-site event. However, 
the very recent work of Toh et al. [9] on 76Ge clearly showed that 
the level scheme of 76Ge, as given in NNDC [10], is incomplete. 
Therefore, most likely, the same holds for the nuclei of interest 
to the present work. Independent of this conjecture, the decay of 
levels with energies above 2300 keV could produce Compton scat-
tered γ rays with the single-site event signature characteristic for 
0νββ decay, if the remaining energy is not recorded in the detec-
tor or cannot be used as a veto condition.

Recently, accurate neutron radiative-capture cross-section data 
were published by Meierhofer et al. [11,12] at thermal energies 
for both 76Ge and 74Ge. Their results for the total thermal cap-
ture cross section σt are 68.8 ± 3.4 mb for 76Ge and 497 ± 52 mb
for 74Ge. These values agree with previous, but less accurate mea-
surements [13–18]. Given the abundance ratio of 0.16 for 74Ge to 
76Ge in the HPGe detectors used by both the GERDA and Majo-
rana Collaborations, it is of interest to note that the potential γ -ray 
background originating from thermal neutron capture on 74Ge is 
almost as important as that on 76Ge.

In the present work we present data for the neutron radiative-
capture cross section of 76Ge obtained at 11 energies in the neu-
tron energy range between 0.4 and 14.8 MeV and at 10 energies 
for 74Ge below 8 MeV.

2. Experimental setup and procedure for germanium irradiation

Metallic germanium targets of 10 mm × 10 mm area and thick-
ness of 2 mm (resulting in about 1.5 g) were used. The isotopic 
composition is the same as that of the enriched HPGe detectors 
used by the GERDA and Majorana Collaborations. For neutron flu-
ence determination the germanium slab was sandwiched between 
either indium or gold foils of the same area and thickness of 
0.125 mm and 0.01 mm, respectively. The slab was supported by 
a thin plastic foil and was positioned at a distance of 10 mm 
from the end of the neutron production target. The entire assem-
bly was surrounded by a cage made of 0.5 mm thick cadmium. The 
cadmium cage effectively prevented room-return thermal neutrons 
from interacting with the target assembly. Fig. 2 shows a schematic 
view of the arrangement used for neutron energies between 4.39 
and 7.36 MeV. In this energy range neutrons were produced via 
the 2H(d, n)3He reaction, employing a deuterium gas cell pressur-
ized to 3 atm of high-purity deuterium gas. The neutron flux on 
target was typically 5 × 107 s−1 cm−2 for incident deuteron cur-
rents of up to 2 μA. For neutron energies between 0.4 MeV and 
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Fig. 2. (Color online.) Schematic of the experimental setup used for the 
74,76Ge(n, γ )75,77Ge measurements using the 2H(d, n)3He reaction.

Table 1
Relevant data for Ge isotopes [10].

Isotope Half-life γ -ray energy 
(keV)

γ -ray intensity 
(%)

75Ge 82.78(4) m 264.6(1) 11.4
198.6(1) 1.19(12)

75mGe 47.7(5) s 139.68(3) 39.51
77Ge 11.211(3) h 264.450(25) 53.3

211.03(4) 30.0(8)

215.51(4) 27.9(7)

416.35(4) 22.7(11)

367.49(4) 14.5(7)

77mGe 53.7(6) s 159.7(1) 10.3(11)

3.39 MeV the 3H(p, n)3He reaction was used, featuring the triti-
ated titanium target described in Ref. [19]. In this case the neutron 
flux was about one order of magnitude lower. The same tritiated 
target was employed with an incident deuteron beam to produce 
14.81 MeV neutrons by means of the 3H(d, n)4He reaction. Here, 
the neutron flux was typically 2.8×107 s−1 cm−2. Because our ger-
manium target contains both 74Ge and 76Ge, it was impossible to 
obtain neutron capture data on 74Ge at 14.81 MeV with our exper-
imental method, because the daughter nucleus 75Ge is the same as 
that of the 76Ge(n, 2n)75Ge reaction, which has a three orders of 
magnitude larger cross section than the 74Ge(n, γ )75Ge reaction. 
The former has a reaction threshold of 9.55 MeV.

Neutron irradiation times were typically 4 hours for measur-
ing the ground-state decay of 77Ge and 75Ge. After irradiation, 
the germanium slab and the monitor foils were γ -ray counted 
with calibrated and well-shielded High-Purity Germanium detec-
tors of known efficiency. Unfortunately, the 264.45 keV transition, 
the most intense γ -ray line emitted by 77As, has practically the 
same energy as the 264.6 keV transition, the strongest γ -ray line 
emitted by 75As (see Fig. 1 and Table 1). Although the associated 
half-life times are very different, and therefore, would allow in 
principle for the individual determination of the two γ -ray in-
tensities, we used the 211.1, 416.35 and 367.49 keV γ rays for 
the activity determination of 77Ge. Good agreement was found be-
tween these alternative transitions. The 215.5 keV state in 77As is 
populated via β− decay from both the isomeric and ground state 
of 77Ge. Therefore, the associated strong decay is only useful for 
our purposes after a waiting time of about 10 minutes.

Because the isomeric 159.7 keV state with T1/2 = 53.7 s con-
tributes to σt , its contribution is needed to determine the direct 
ground-state decay cross section σd of 77Ge from the relation 
σd = σt − 0.19 × σm , where 0.19 ± 0.02 is the branching of the 
isomeric state to the ground state, and σm is the 76Ge(n, γ )77mGe
cross section to the isomeric state.
Table 2
Relevant data for monitor reactions [10].

Reaction Half-life γ -ray energy 
(keV)

γ -ray intensity 
(%)

(a) 115In(n,n′)115mIn 4.486(4) h 336.241(25) 45.8(22)
(b) 115In(n, γ )116m1In 54.29(17) m 1293.56(2) 84.8(12)
(c) 197Au(n,2n)196Au 6.1669(6) d 355.73(5) 87

In order to measure σm , the neutron irradiation time was lim-
ited to 3 min to avoid saturation. The induced low activity in the 
germanium slab and associated monitor foils compared to the 4 h 
irradiation time used for the measurements of the ground-state 
capture cross section, unavoidably resulted in larger uncertainties. 
To partially compensate for this deficiency, up to six individual ir-
radiations were performed at each energy.

3. Analysis and results

The activation formula [20] was used to determine the neu-
tron flux from the monitor reactions. Table 2 provides informa-
tion on the γ -ray energies and their uncertainties. The second 
column of Table 3 gives the cross-section values σmon used for 
the monitor reactions at the neutron energies of interest. Monte-
Carlo calculations were performed to obtain the mean neutron 
energy and its associated energy spread. The differential cross-
section data for the neutron production reactions were taken from 
Refs. [21,22]. The same Monte-Carlo code was used to account 
for the tight geometry of the experimental setup which causes 
the average of the neutron fluences deduced from the two mon-
itor foils to deviate slightly from the neutron fluence seen by 
the germanium slab. The activation formula was also employed 
to obtain σt and σm from the measured activities, as described 
in [20]. Results are given in columns 3, 4 and 5 of Table 3 for 
σt , σm , and σd for the reaction 76Ge(n, γ )77Ge, 76Ge(n, γ )77mGe, 
and 76Ge(n, γ )77dGe, respectively. Table 4 summarizes the uncer-
tainty budget. Fig. 3 shows our data for σt in comparison to the 
previous datum of Begun et al. [26] at 13.96 MeV and the results 
of the evaluations ENDF/B-VII.1 [27] and CENDL-3.1 [29], and the 
model calculation TENDL-2013 [30]. Considering that these predic-
tions relied only on the 13.96 MeV datum, there is surprisingly 
good agreement between our data and ENDF/B-VII.1 and TENDL-
2013 in the energy region of interest.

Fig. 4 and column 4 of Table 3 present our cross-section data 
σm for the capture to the isomeric state of 77Ge. This cross sec-
tion is as large as the direct one to the ground state of 77Ge (see 
column 5 of Table 3).

As stated earlier, cross-section information for the
74Ge(n, γ )75Ge reaction was obtained as well. Here, the weak 
198.6 keV transition (see Fig. 1 and Table 1) was used. The capture 
to the 139.7 keV state of 75Ge with T1/2 = 47.7 s was measured 
simultaneously with the capture to the 159.7 keV state of 77Ge 
to obtain σm for 74Ge(n, γ )75Ge. In order to determine the direct 
capture cross section σd to the ground state of 75Ge, the rela-
tion σd = σt − σm was used, because the isomeric state decays to 
the ground state with a branching of 99.97%. Results are given in 
columns 2, 3 and 4 of Table 5 for σt , σm , and σd for the reactions 
74Ge(n, γ )75Ge, 74Ge(n, γ )75mGe and 74Ge(n, γ )75dGe respectively.

Fig. 5 shows our data for σt in comparison to the previously 
existing data, evaluations and the model calculation TENDL-2013. 
As can be seen, our data are in fair agreement with the data of 
Trofimov [31] below 1 MeV and Tolstikov et al. below 3 MeV [32], 
while the data of Pasechnik [33] between 2.5 and 4 MeV are some-
what higher than our data and those of Tolstikov et al. Our new 
data almost double the energy range of the previous measure-
ments. Below 3 MeV our data are approximately a factor of two 
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Table 3
Neutron capture cross-section data of 76Ge obtained in the present work. Monitor cross-section σmon values for the reactions (a)–(c) given in Table 2 are taken from 
Refs. [23–25].

En

(MeV)
σmon

(mb)

76Ge(n, γ )77Ge
(mb)

76Ge(n, γ )77mGe
(mb)

76Ge(n, γ )77dGe
(mb)

0.38 ± 0.11 158.98 ± 5.92 (b) 6.68 ± 0.44 4.93 ± 0.36 5.75 ± 0.57
0.86 ± 0.11 166.44 ± 1.07 (a) 2.80 ± 0.22 2.94 ± 0.31 2.24 ± 0.38
1.32 ± 0.11 134.17 ± 3.22 (a) 2.30 ± 0.17 1.57 ± 0.15 2.00 ± 0.23
1.87 ± 0.11 242.66 ± 5.82 (a) 1.75 ± 0.31 1.28 ± 0.12 1.51 ± 0.33
2.77 ± 0.13 348.99 ± 8.19 (a) 1.89 ± 0.36 1.26 ± 0.25 1.65 ± 0.44
3.39 ± 0.15 336.02 ± 7.89 (a) 1.22 ± 0.22 – –
4.39 ± 0.33 316.86 ± 7.98 (a) 0.88 ± 0.07 0.67 ± 0.08 0.75 ± 0.11
5.33 ± 0.35 335.39 ± 8.72 (a) 0.61 ± 0.09 0.37 ± 0.05 0.54 ± 0.10
6.64 ± 0.33 338.18 ± 12.01 (a) 0.44 ± 0.08 0.32 ± 0.04 0.38 ± 0.09
7.36 ± 0.29 320.78 ± 11.39 (a) 0.37 ± 0.06 0.27 ± 0.05 0.32 ± 0.07

14.81 ± 0.08 2164.39 ± 22.83 (c) 0.62 ± 0.04 – –
Table 4
Uncertainty budget for 76Ge(n, γ )77Ge, 76Ge(n, γ )77mGe, 74Ge(n, γ )75Ge, 
74Ge(n, γ )75mGe and monitor reaction cross-section values.

Uncertainty Ge 
(%)

Monitors 
(%)

Counting statistics 0.4–35 0.1–4.7
Reference cross sections 1–4.1
Detector efficiency 1–6 1–5
Source geometry and self-absorption of γ -ray 5–15 0.3–6
Half-life <1 <0.1
γ -ray intensity 4.8–10.7 1.4–4.8
Neutron flux fluctuation <1 <1
Lower-energy neutrons [19] <9 <1.2

Fig. 3. (Color online.) 76Ge(n, γ )77Ge total cross-section data in comparison to eval-
uations and the model prediction TENDL-2013. The ENDF/B-VII.1 and JENDL-4.0 [28]
evaluations overlap in the entire energy range. The datum of Begun et al. [26] is the 
only cross-section value that existed before the present measurements.

higher than the evaluations and TENDL-2013, both of which were 
tuned to the data of Tolstikov et al. and Trofimov. Above 4 MeV 
ENDF/B-VII.1 underpredicts our data by about a factor two, while 
TENDL-2013 is in close agreement with our data, in contradiction 
to lower energies.

Finally, Fig. 4 compares the neutron capture cross-section data 
σm for the isomeric 139.7 keV state of 75Ge to those of the 
159.7 keV isomeric state in 77Ge. The former is approximately a 
factor of 2.5 larger than the latter.

4. Conclusion

As stated already in the introduction, the neutron slowing-
down process is rather complicated. Contrary to hydrogenous ma-
terials, where MeV neutrons reach thermal energies after a rela-
tively small number of elastic scattering and reaction processes, 
in “heavy” materials like germanium, neutrons undergo a large 
Fig. 4. (Color online.) Neutron radiative capture cross-section data to the 159.7 keV 
state of 77Ge and the 139.7 keV state of 75Ge.

Fig. 5. (Color online.) 74Ge(n, γ )75Ge total cross-section data in comparison to the 
previously existing data and evaluations and the model prediction TENDL-2013. The 
ENDF/B-VII.1 and JENDL-4.0 [28] evaluations overlap in the entire energy range.

number of a variety of reaction processes during their slowing-
down history. Once the neutron energy is below the (n, 2n) thresh-
old (9.55 MeV for 76Ge and 10.34 MeV for 74Ge), elastic scatter-
ing and the γ -ray producing inelastic scattering reactions are the 
main contributors to the neutron slowing-down process. In the 
latter case the resulting γ rays are a potential source of back-
ground events in 76Ge based 0νββ decay searches, if their energy 
is above 2.3 MeV. Only those γ rays can Compton scatter into 
the 2039 keV energy region of interest. Therefore, once the neu-
tron energy is below approximately 2.5 MeV, inelastic scattering 
does not produce anymore γ rays of concern. Starting at this en-
ergy, the neutron capture reaction is the only source of γ rays 
that can potentially produce signals in the energy region of in-
terest. It should also be noted that neutron transport calculations 
show that approximately 5% of initially 0.86 MeV neutrons incident 



154 M. Bhike et al. / Physics Letters B 741 (2015) 150–154
Table 5
Neutron capture cross-section data of 74Ge obtained in the present work.

En

(MeV)

74Ge(n, γ )75Ge
(mb)

74Ge(n, γ )75mGe
(mb)

74Ge(n, γ )75dGe
(mb)

0.38 ± 0.11 20.29 ± 2.27 10.16 ± 0.36 10.13 ± 2.30
0.86 ± 0.11 11.83 ± 1.45 6.96 ± 0.44 4.87 ± 1.06
1.32 ± 0.11 8.48 ± 0.54 4.35 ± 0.27 4.13 ± 0.57
1.87 ± 0.11 6.19 ± 1.43 3.85 ± 0.24 2.34 ± 0.88
2.77 ± 0.13 6.26 ± 1.15 3.74 ± 0.62 2.52 ± 0.88
3.39 ± 0.15 3.60 ± 0.63 – –
4.39 ± 0.33 2.51 ± 0.42 2.16 ± 0.18 0.35 ± 0.07
5.33 ± 0.35 1.62 ± 0.28 1.35 ± 0.16 0.27 ± 0.06
6.64 ± 0.33 1.23 ± 0.34 1.11 ± 0.13 0.12 ± 0.04
7.36 ± 0.29 1.21 ± 0.27 1.16 ± 0.10 0.05 ± 0.01

on a cylinder of germanium of the isotopic composition of inter-
est are being captured on the germanium isotopes before they are 
slowed down to 0.38 MeV in approximately 20 elastic scattering 
events. This indicates that only a small percentage of the incident 
neutrons reach thermal energies, where the (n, γ ) cross section 
of 76Ge and 74Ge is a factor of 25 and 40, respectively, larger than 
that found in the present work at 0.86 MeV. Semi-qualitatively, the 
same results apply for shielding materials like copper or liquid ar-
gon. In realistic 0νββ setups, hydrogenous materials which convert 
fast neutrons very efficiently into epithermal and thermal neutrons 
as stated already above, are shielded by copper and lead (in Ma-
jorana) and liquid argon (in GERDA). Although mostly intended for 
other purposes, these materials also prevent thermal and epither-
mal neutrons from reaching the active detector volume. Therefore, 
the (n, γ ) cross section in the energy range studied in the present 
work is of great importance for estimating neutron-induced back-
ground events in 76Ge based 0νββ decay searches. They provide 
the necessary constraint for model calculations to accurately de-
scribe the (n, γ ) cross section of 76Ge above thermal energies for 
which previous data did not exist. The results of these calculations 
establish the limit on the tolerable neutron fluence to which the 
germanium used in 0νββ searches of 76Ge can be exposed to with-
out compromising the half-life goal of interest.

Our data also reveal that the 74Ge(n, γ )75Ge total radiative cap-
ture cross section is approximately a factor of 3.5 larger than that 
for the reaction 76Ge(n, γ )77Ge, resulting in the finding that in the 
0.4 to 14.8 MeV energy range about one third of the (n, γ ) in-
duced background in the HPGe detector used by the GERDA and 
Majorana Collaborations is due to 74Ge, although its isotopic abun-
dance is only 14%. Therefore, a very large scale 0νββ experiment 
based on natural germanium as opposed to enriched 76Ge germa-
nium, as has been discussed to reduce costs, has to be reevaluated.
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