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Abstract. Cross sections for the 70,76Ge(n,2n), 72,73Ge(n,p) and 72,74Ge(n,α) reactions have been measured
at the 5.5 MV tandem T11/25 Accelerator Laboratory of NCSR Demokritos, using the activation technique.
Neutron beams have been produced in the ∼16-20 MeV energy region, by means of the 3H(d,n)4He reaction.
The maximum flux has been determined to be of the order of 105 n/cm2 s, while the flux variation of the
neutron beam was monitored by using a BF3 detector. The cross section has been deduced with respect to
the 27Al(n,α)24Na and 93Nb(n,2n)92mNb reference reactions. The contaminations from reactions induced on
neighboring Ge isotopes and leading to the same residual nucleus, have been taken into account. After the
end of the irradiations, the activity induced by the neutron beams at the targets and reference foils, has been
measured by HPGe detectors. Statistical model calculations using the EMPIRE code were performed on the
data measured in this work as well as on data reported in literature.

1 Introduction

Studies of excitation functions of neutron induced reac-
tions are of considerable interest, not only for their im-
portance to fundamental research in nuclear physics, but
also for practical applications such as dosimetry and reac-
tor technology [1–3]. Concerning Ge, besides its impor-
tance as a semi-conducting material, (n,2n) reactions on
even-even Ge isotopes present high cross sections of hun-
dreds of millibarns, thus increasing considerably the num-
ber of neutrons in neutron fields. In addition, Ge is ex-
pected to exhibit structure change and possible shape tran-
sition, having isotopes within the region of neutron num-
ber N=40 and furthermore, some of the residual nuclei
following (n,2n) and (n,α) reactions on Ge isotopes, are
produced in high spin isomeric states. The experimental
determination of isomeric cross sections is of fundamental
interest for studying the spin distribution of level density
in the compound nucleus. Therefore, more experimental
data are needed both for reliable practical applications as
well as for testing theoretical calculations and improving
the systematic development of model parameters.

Neutron-induced reactions on Ge isotopes have been
investigated in the past by our group [4, 5], in the energy
range of ∼8-11 MeV, by using the 2H(d,n)3He reaction. A
survey of the available cross section data showed that re-
ported measurements cover a wide energy range but with
many discrepancies among them. In particular, extensive
data exist at energies around 15 MeV, where the discrep-
ancies are even higher, while only few data points exist in
the higher energy regions. In view of these remarks, a con-
tinuation of this project has started for the measurement of
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neutron-induced threshold reaction cross sections on natu-
ral Ge, at energies from ∼15 to 20 MeV, implementing the
3H(d,n)4He reaction and the activation method. Further-
more, theoretical statistical model calculations have been
performed, using the EMPIRE 3.2.2 code [6], and com-
pared to all available experimental data.

2 Experimental procedure
2.1 Irradiations

The measurements were performed at the 5.5 MV
tandem accelerator of NCSR Demokritos using quasi-
monoenergetic neutrons at a flux of the order of ∼105

n/(cm2 s) and energies 17.7 and 19.3 MeV, produced by
the 3H(d,n)4He reaction by means of a Ti tritiated target,
of 373 GBq activity, on a Cu backing. The absolute flux of
the beam was obtained with respect to the 27Al(n,α)24Na
and 93Nb(n,2n)92mNb reference reactions, while its varia-
tion was monitored by a BF3 detector placed at a distance
of 3 m from the neutron source. The spectra of the BF3
monitor were stored at regular time intervals (∼ 200 s) in
a separate ADC during the irradiation process.

Samples of high purity Ge pellets doped with 6% high
purity cellulose, were placed between Al and Nb reference
foils and exposed to the neutron beam for about a two-
day continuous irradiation. A gold foil was also used to
cross check the experimental neutron flux, as well as the
simulated one, via the 197Au(n,γ) reaction. The induced
activity of product radionuclides in both target and ref-
erence foils was measured with HPGe detectors of 80%
and 50% relative efficiency, properly shielded with lead
blocks to reduce the contribution of the natural radioactiv-
ity. The efficiency of the detectors at the position of the
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activity measurements (10 cm) was determined via cali-
brated 152Eu, 133Ba, 57Co, 60Co, 109Cd, 54Mn, 137Cs and
214Bi point sources. The characteristic γ-rays were cor-
rected for self-absorption in the target, summing effects of
cascading transitions and counting geometry.

2.2 Experimental results

Among the possible reaction channels produced by the
neutron irradiation of natural Ge, only the ones which in-
volve reasonable life time and gamma-ray de-excitation
can be investigated by means of the activation technique.
These are the 72,73Ge(n,p)72,73Ga, 72,74Ge(n,α)69,71Zn and
70,76Ge(n,2n)69,75Ge reactions.

In the case of (n,p) reaction channels on 72,73Ge, 72Ga
decays with a lifetime of 14.1 h to 72Ge, whose de-
excitation to its ground state proceeds through the charac-
teristic 834.1, 629.9 and 2021.6 keV transitions of 95.45%,
26.87% and 26.13% intensity, respectively. 73Ga decays
with a lifetime of 4.86 h to 73Ge whose de-excitation in-
volves the 297.3 keV gamma-ray of 79.8% intensity.

Concerning the (n,α) reactions on 72,74Ge, the resid-
ual nuclei 69,71Zn constitute isomeric pairs with identical
metastable and ground state spins. In more detail, 69Zn is
produced both in its 1/2− ground state (T1/2= 56.4 min)
and its metastable 9/2+ (T1/2= 13.76 h) state. The ground
state of 69Zn decays directly to the ground state of 69Ga,
while the metastable state decays to the ground state of
69Zn emitting the characteristic 438.6 keV gamma-ray,
with intensity 94.85%, which can be used for the deter-
mination of the σm cross section. 71Zn is produced both
in its 1/2− ground state (T1/2= 2.45 m) and its metastable
9/2+ (T1/2= 3.96 h) state. Due to the short lifetime of the
ground state of 71Zn, only the activity of the metastable
state could be measured via the activation technique. Thus,
the σm could be determined by analyzing the 386.3keV
(with intensity 91.4%) transition of 71Ga which is fed by
the de-excitation of the metastable state of 71Zn.

As for the (n,2n) reaction on 70Ge, the residual nucleus
69Ge decays with a half-life of 39.05 h to 69Ga which de-
cays to its ground state through the characteristic gamma-
rays 1106.7, 574.1 and 871.9 keV with intensities 36%,
13.3% and 11.9%, respectively. The 76Ge(n,2n)75Ge reac-
tion leads to the formation of the unstable nucleus 75Ge
both in its 1/2− ground state (T1/2= 82.78 m) and its
metastable 7/2+ (T1/2= 47.7 s) state. The de-excitation
of the metastable to the ground state in fraction 99.97%,
along with its short lifetime leads to the measurement of
the total cross section σm+g of the (n,2n) reaction via the
264.6 keV (with intensity 11.4%) characteristic transition
of 75As.

The preliminary results for the cross section for all the
above mentioned reaction channels, deduced from their
characteristic gamma-rays, are presented in Fig. 1 in Sec-
tion 3, along with data from literature and theoretical cal-
culations. In the case of using several gamma-rays for
the determination of the cross section of a reaction chan-
nel, the final value of the cross section is calculated as the
weighted average of the individual values.

2.3 Corrections for interfering reactions

Since in this work germanium of natural isotopic compo-
sition was used as target material, some of the activation
products may be formed via several interfering reactions.
The residual nuclei 72,73Ga from the 72,73Ge(n,p) reactions,
could also be produced by the (n,np+d) processes on 73Ge
and 74Ge, respectively. In Ref. [7], contributions from
these reactions have been estimated as 4 and 3 mb, respec-
tively and were subtracted only for the higher energy mea-
surements at 14.7 MeV. In the high energy region studied
in this work however, the correction from the contaminant
reactions are expected to be much higher. Indeed, by us-
ing the cross section of the (n,np+d) reaction on 73Ge and
74Ge from TENDL-2017 [8], corrections of the order of
24% and 74%, respectively, were estimated for the neu-
tron energy 17.7 MeV, while at 19.3 MeV the corrections
were 32% and 83%, respectively for the 72,73Ge(n,p) reac-
tions. A further correction is needed for the 73Ge(n,p)73Ga
reaction arising from the 76Ge(n,α)73Zn followed by β-
decay to 73Ga, which was estimated to be 1% at 17.7
MeV and 0.5% at 19.3 MeV, using cross sections from [9].
Similarly, the contamination of the 72Ge(n,α) reaction by
the 74Ge(n,nα)69mZn one, was 27% and 35% at 17.7 and
19.3 MeV, respectively, as deduced by using the cross sec-
tion from EAF-2010 [8]. Furthermore, the 76Ge(n,2n)75Ge
threshold reaction cross section is contaminated by the
74Ge(n,γ)75Ge one, which is activated by low energy par-
asitic neutrons. In order to estimate this neutron back-
ground contribution to the activation of 75Ge and make the
appropriate corrections, the reaction rate RR of the (n,γ)
reaction was deduced by using the following expression:

RR =
∑
∆E

σ(E) · Φ (Ei) (1)

where σ(E) is the excitation function of the 74Ge(n,γ)75Ge
reaction taken from the ENDF/B-VII.1 library and Φ(E)
the function of the neutron fluence estimated via Monte
Carlo simulations using the NeuSDesc [11] and MCNP5
[12] codes. The neutron fluence, normalized to the exper-
imental one from the reference reactions, is cut in energy
slices ∆E starting from the threshold of each reaction up
to the maximum beam energy. From the simulated RR,
the expected number of counts were calculated and sub-
tracted from the experimental number of counts for the
264.6 keV characteristic γ-ray of the 75Ge decay. In the
absence of time-of-flight capabilities, the investigation of
the neutron fluence energy dependence Φ(E) can only be
achieved by means of Monte Carlo simulations taking into
account all the details of the tritiated target, the experimen-
tal setup and the whole experimental area [13]. The sim-
ulations were executed for 109 simulated particles, com-
parable to the number of neutrons used in the irradiations,
for sufficient statistics. In order to test the reliability of the
simulations, the methodology described above has been
tested for the 197Au(n,γ) reaction and the simulated reac-
tion rate has been compared with the experimental reaction
rate deduced by the characteristic 411.8 keV γ-ray of this
reaction. The simulated and experimental results were in
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Figure 1: Experimental values of the present work at 17.7 and 19.3 MeV, along with EXFOR data from literature and theo-
retical calculations for the 72,73Ge(n,p)72,73Ga (upper part), 72,74Ge(n,α)69m,71mZn (middle part) and 70,76Ge(n,2n)69,75g+mGe
(lower part) reaction cross sections. The blue and red dashed lines are the results from the theoretical calculations using
Microscopic HFB and EGSM level densities, respectively, while the green line corresponds to ENDF/B-VIII.0 evalua-
tions.
good agreement, thus verifying the reliability of the sim-
ulations. The correction of 76Ge(n,2n)75Ge reaction cross
section due to the interference of the 74Ge(n,γ)75Ge one,
was estimated to be 0.8% at 17.7 MeV and 19% at 19.3
MeV.

3 Theoretical calculations
Excitation functions of neutron induced reactions on nat-
ural Ge present an interesting case since many isotopes
are involved which allow an investigation of systematic
trends in the data and in the energy region up to 20 MeV,
many reaction channels are open, which may proceed via
different reaction mechanisms such as (n,2n), (n,p) and
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(n,α), and therefore can be simultaneously studied. Fur-
thermore, some of the residual nuclei following (n,2n)
and (n,α) reactions on Ge isotopes are produced in an
isomeric state and are of high sensitivity for testing nu-
clear models. Thus, theoretical calculations based on the
compound nucleus theory of Hauser-Feshbach, were per-
formed in the energy range 5-30 MeV using the EMPIRE
(3.2.2 version) code [6], for all reactions under study.
The effect of different optical model potentials and level
density models have been investigated and the ones pre-
sented below were found to better reproduce the data and
were employed in the calculations. The level densities
were described either by the Enhanced Generalized Super-
fluid Model (EGSM) [14] or by the RIPL-3 Microscopic
Hartree-Fock-Bogoliubov (HFB) method [15]. Spherical
optical model calculations were performed (DIRECT=0)
with the optical model parameters for the outgoing neu-
trons and protons adopted by the data of Koning et al.
[16], while for the alphas, the ones by Avrigeanu et al.
[17] were used. Moreover, γ-ray strength functions were
described via modified Lorentzians (MLO1) [18] with pa-
rameters available in RIPL-3 [19]. Furthermore, concern-
ing the pre-equilibrium emission mechanism, the classi-
cal exciton model [20] was implemented via the PCROSS
module [6] (PCROSS 2.2). The results are presented as
red and blue dashed lines in Fig. 1, for the EGSM and
Microscopic HFB level densities, respectively.

4 Discussion and conclusions

theofresultsexperimentalpreliminaryThe
72,73Ge(n,p)72,73Ga, 72,74Ge(n,α)69m,71mZn and
70,76Ge(n,2n)69,75g+mGe reactions at 17.7 and 19.3
MeV are presented in Fig. 1 along with data from
literature. They are seen to follow the general trend of
the existing experimental data, even though there are
severe discrepancies among them, especially in the case
of 72Ge(n,α)69mZn and 70Ge(n,2n)69Ge. Concerning the
statistical model calculations, the Microscopic HFB level
density model exhibit a better agreement with the data
of the various reaction channels compared to the EGSM,
even for the reactions leading to metastable states. How-
ever, both theoretical calculations tend to overestimate all
the high energy data. Furthermore, in the case of the (n,p)
reaction on the even-odd isotope 73Ge, the theoretical
results fail to reproduce the data. Therefore, further tests
are needed before a firm conclusion is reached, mainly
focused on the sensitivity of the calculations to variations
of the level density parameter α̃ and pre-equilibrium
effects. In addition, the large discrepancies of the data

do not allow to make possible validation of different
model calculations. More accurate data are needed in the
15C20 MeV energy range in order to further investigate
the contributions of the various reaction mechanisms and
channels and test the reliability of the theoretical calcu-
lations. In fact, more measurements are planned to be
performed by our group at 15-20 MeV in the near future,
in order to provide more experimental information which
will help to resolve discrepancies among the existing
experimental data and theoretical model calculations.
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