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Abstract. Neutron induced reaction cross-section measurements display spe-
cial interest both for fundamental research in the Nuclear Physics field and many
practical applications. The Institute of Nuclear and Particle Physics (INP) of the
National Centre for Scientific Research Demokritos (N.C.S.R. "D") hosts the
5.5 MV T11/25 Van de Graaff accelerator, which is the only accelerator used
in Greece for research purposes. This accelerator recently underwent a major
upgrade, including the installation of a new pelletron charging system, two new
ion sources, a new gas stripper and beam optics. This neutron facility can pro-
duce quasi-monoenrgetic neutron beams in the energy range ∼16-19 MeV via
the 3H(d,n)4He (D-T) reaction, employing a tritiated Titanium target (TiT). The
neutron induced cross sections of a total of nine reaction channels have been ex-
perimentally measured in the present work, via the activation technique, using
enriched Ge targets. These targets produce more accurate cross-section results,
in comparison with the - most commonly used in bibliography - natGe samples,
since they do not suffer from contaminating reactions that produce the same
residual nucleus. Monte Carlo simulations were also performed via the com-
bined use of MCNP5 and NeuSDesc codes for the simulation of the neutron
beam.

1 Introduction

The study of neutron induced reactions on Ge isotopes is very important for practical appli-
cations such as dosimetry, nuclear medicine, astrophysical projects and reactor technology
[1–3]. Ge is also very widely used as a constructional material for γ-ray detectors. For funda-
mental research, the study of neutron induced reactions on the five natural occurring isotopes
of Ge (70,72,73,74,76Ge) can lead to very interesting systematics. Moreover, the residual nuclei
from some reaction channels, are produced in high spin isomeric states, with the correspond-
ing decays being heavily dependent on the spin distribution of the continuum phase-space,
and the spins of the discrete levels involved. The accurate cross-section measurement of such
reactions is thus very important for the study of the residual nucleus [1, 4, 5]. In addition,
at energies above 15 MeV, pre-equilibrium effects in the de-excitation of the compound nu-
cleus become more important [1] and accurate cross-section data in this energy region as the
∗e-mail: sotirischasapoglou@mail.ntua.gr
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ones produced with enriched targets, could vastly improve the accuracy of statistical model
calculations and future evaluation libraries.

In this scope, the cross sections of the 70Ge(n,2n)69Ge, 72Ge(n,p)72Ga, 72Ge(n,α)69mZn,
73Ge(n,p)73Ga, 73Ge(n,np/d)72Ga, 73Ge(n,nα)69mZn, 74Ge(n,α)71mZn, 74Ge(n,np/d)73Ga
and 76Ge(n,2n)75Ge reactions have been experimentally measured via the activation tech-
nique, with the 27Al(n,α)24Na reaction used as reference for the determination of the neutron
flux. The irradiations were performed at the neutron energy of 15.7 MeV at the recently up-
graded neutron beam facility of NCSR "Demokritos". The 5.5 MV Tandem Van de Graaff
Accelerator has been upgraded with two new ion sources, a new pelletron charging system, a
new gas stripper and beam optics [6].

2 Experimental Details

2.1 Ge Targets & Reference Foils

Five isotopically enriched Ge targets were employed for the cross-section measurements. The
70,72,73,74,76Ge targets were provided by the n_TOF collaboration (CERN) in the form of
GeO2 pellets of ∼2 g each, with enrichment levels of 97.71, 96.59, 96.07, 95.51 and 88.46%,
respectively. For the neutron flux determination, high purity Al metallic foils of ∼0.4 g each
were used. The Ge targets and the reference foils had a diameter of 20 mm and where glued
on a thin mylar foil, fixed on an Al ring.

2.2 Neutron beam facility of NCSR "Demokritos"

All the irradiations were performed at the recently upgraded [6] neutron beam facility of
NCSR "Demokritos", hosting a 5.5 MV Tandem Van de Graaff accelerator [7]. The quasi-
monoenergetic neutron beam was produced at 15.7 MeV via the 3H(d,n)4He (D-T) reaction.
The deuteron beam impinged on a Tritiated Titanium (TiT) target, of 373 GBq activity. The
TiT target was placed in an Al flange that was kept in high vaccum during the irradiations and
also acted as a Faraday cup for the monitoring of the ion beam charge during the irradiations.
The entrance foil of the TiT target was a 10 µm Mo foil, while a 1 mm Cu foil was placed at
the back of the target acting as a beam stop. The neutron producing target was water cooled
during the irradiations, to avoid any possible thermal damage from the deuteron beam.

2.3 Irradiations & Measurements

The duration of the irradiations varied between 5-7 h depending on the half-life of the mea-
sured residual nucleus. The fluctuations of the neutron beam during the irradiations were
measured with a BF3 detector, placed at ∼3 m from the TiT target and at an angle with re-
spect to the neutron beam, in order to minimize the neutron return to the measuring targets.
Each Ge target was placed between two reference Al foils in order to experimentally calcu-
late the neutron flux via the 27Al(n,α)24Na reference reaction. Following the irradiations, the
induced radioactivity of the residual nuclei was measured via two HPGe detectors of 80%
relative efficiency, that were calibrated with a 152Eu source. The targets and reference foils
were measured at a distance of 10 cm from the HPGe detector window, to minimize summing
and pile-up effects.
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3 Data Analysis

The cross section calculation via the activation technique is based on a reference reaction
with a well studied cross-section value and is described by equation 1:

σ = σref ·
Nγ,tar

Nγ,ref
·


(
ε · F · Iγ · D · fc · Nt

)
ref(

ε · F · Iγ · D · fc · Nt
)
tar

 · Φref
Φtar

(1)

In Eq. 1 the factors referring to the measuring targets and reference foils are noted with
the subscripts "tar" and "ref" respectively. The cross-section value for the 27Al(n,α)24Na ref-
erence reaction was obtained from the ENDF/B-VIII.0 library [8], and was found to be 0.099
b with a total estimated uncertainty of 1.7%. The γ-ray used for the neutron flux determina-
tion from the 27Al(n,α)24Na reference reaction was the 1368.6 keV one. The analysis of all
the γ-ray spectra was performed via the "Tv" software [9]. The rest of the factors of equation
1 for the cross section calculation, are described in detail in Ref. [10].

All the factors of equation 1 are considered uncorrelated. Therefore, the final cross-
section uncertainty is calculated simply as the quadratic summation of the uncertainty of
each factor involved. In many reactions however, two or more γ-rays were used for the
cross-section calculation, each providing a different cross-section value (σi) for the measured
reaction. In these cases, the final cross section results stem from the weighted average of the
different cross-section values calculated (σi), taking into account the correlations between
the measurements. For this purpose, equation (27) described in Ref. [11] was used when two
γ-rays were used, while the formalism described in Appendix 2 of Ref. [12] was employed,
when three γ-rays were used for the calculation of the final cross-section result.

4 Simulations

Monte Carlo simulations were necessary for the determination of the neutron flux ratio (Φref
Φtar

)
in aluminum foils and germanium targets. These simulations were performed with the com-
bined use of NeuSDesc [13, 14] and MCNP5 codes [15]. Firstly, a source definition (SDEF)
card was created via the NeuSDesc code, taking into account the characteristics of the TiT
target (target and entrance foil thickness, Ti/T ratio) along with the straggling of the ion beam
in the entrance foil and target implementing the SRIM-2008 code [16] and the kinematics of
the D-T neutron producing reaction. This SDEF card was then fed into the MCNP input file,
in which the geometry of the experimental setup was accurately described. The propagation
of the neutron beam through the stack of reference foils and Ge targets was achieved with the
f4 tally (average flux over a volume) scoring.

5 Preliminary Results & Discussion

The preliminary cross-section results of the 70Ge(n,2n)69Ge, 72Ge(n,p)72Ga,
72Ge(n,α)69mZn, 73Ge(n,p)73Ga, 73Ge(n,np/d)72Ga, 73Ge(n,nα)69mZn, 74Ge(n,α)71mZn,
74Ge(n,np/d)73Ga and 76Ge(n,2n)75Ge reactions are presented in this section, in Figure 1,
along with the experimental data [17] and evaluation libraries [8, 18–22] found in literature.
The results of previous measurements from our group (Vlastou et al. [23]) are also presented.

5.1 70Ge(n,2n)69Ge

The 70Ge(n,2n)69Ge reaction produces the 69Ge residual nucleus that decays to 69Ga by
100% β+ emission with a half life of 39.05 h. The de-excitation from the different levels of
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(a) 70Ge(n,2n)69Ge (b) 72Ge(n,α)69mZn (c) 72Ge(n,p)72Ga

(d) 73Ge(n,p)73Ga (e) 73Ge(n,np/d)72Ga (f) 73Ge(n,nα)69mZn

(g) 74Ge(n,α)71mZn (h) 74Ge(n,np/d)73Ga (i) 76Ge(n,2n)75Ge

Figure 1: Preliminary results of the measured reactions

the 69Ga nucleus, produce several γ-rays with the most prominent used in this work being the
1107, 574, 872 and 1337 keV ones with respective intensities of 36.0(4), 13.3(18), 11.9(16)
and 4.5(6) % [24]. The preliminary cross-section result presented in Figure 1a, was obtained
from the weighted average of the cross-section values calculated from the quite intensive 574
and 872 keV γ-rays, while the respective value calculated from the 1107 and 1337 γ-rays
was by ∼20% lower. There is an excellent agreement with the dataset of Hoang et al. [25],
that also used the 574 keV γ-ray for the cross-section calculation, and the TENDL 2021
[20]. It should be underlined that for this reaction, above 15 MeV two general trends seem
to appear. The first with higher cross-section values is followed by the datasets of Prestwood
et al. [26], Bormann et al. [27] and the EAF-2010 library [22]. The second one is followed
by the results of the present work, the dataset of Hoang et al. and the TENDL-2021 and the
JEFF-3.3 libraries [18]. The discrepancies between these two trends could be attributed to
the large uncertainties of the γ-ray intensity (Iγ factor), ranging from 11 to 14 % for the most
prominent γ-rays emitted from the 69Ge residual nucleus.
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5.2 72Ge(n,α)69mZn

The 72Ge(n,α) reaction produces the 69Zn residual nucleus in both its ground and isomeric
state. The isomeric state is the only one studied via the activation technique in the present
work. It decays to the respective ground state (99.97% IT) with a half life of 13.76 h, emitting
the characteristic 438.6 keV γ-ray with an intensity of 94.85(7)% [24]. The preliminary cross-
section result of the present work is presented in Figure 1b. It is in excellent agreement with
the dataset of Konno et al. [28], in which an isotopically enriched Ge target was also used,
as well as with the trend of TENDL-2021 [20] and JEFF-3.1/A [21] evaluated libraries. The
dataset of Hoang et al. which is the only one exceeding 15 MeV neutron energy seems to
slightly underestimates the cross-section values.

5.3 72Ge(n,p)72Ga

The 72Ge(n,p)72Ga reaction produces the 72Ga residual nucleus that decays via 100% β- de-
cay and with a half life of 14.1 h, to 72Ge. The de-excitation of this nucleus to its ground
state is accompanied by the emission of many γ-rays, with some of the most prominent
ones being the 834.13, 629.97 and 894.33 keV with respective intensities 95.45(8), 26.13(4)
and 10.136(15)% [29]. The cross-section result of the present work was calculated as the
weighted average of the three different corresponding cross-section values, taking into ac-
count the respective correlations as described in section 3. This result, presented in Figure
1c, is in excellent agreement with the dataset of Konno et al., and the dataset of Hoang et al.,
within the statistical uncertainties of the measurements.

5.4 73Ge(n,p)73Ga

The 73Ge(n,p)73Ga reaction produces the 73Ga residual nucleus that decays (100% β-) to
73Ge with a half life of 4.86 h. The de-excitation of 73Ge to its ground state produces the
297.38 and 325.73 keV γ-rays, with corresponding intensities of 79.8(19)% and 11.2(4)%
[30]. The cross-section result obtained from the weighted average of the two characteristic
γ-rays is presented in Figure 1d. There is an excellent agreement between the result of the
present work and the ones from the datasets of Konno et al. (with an enriched target) and the
dataset of Hoang et al. within the statistical uncertainties of the measurements, as well as the
ENDF/B-VIII.0 [8] and JENDL-5 [19] evaluation libraries.

5.5 73Ge(n,np/d)72Ga

The 73Ge(n,np/d)72Ga reaction produces the 72Ga residual nucleus. The decay properties of
this nucleus and the γ-rays used for the cross-section calculation are described in section 5.3.
The result of the present work that is presented in Figure 1e, is in very good agreement with
the dataset of Konno et al., which is the only one found in literature for this reaction. The
JEFF-3.3 and TENDL-2019 libraries are also in very good agreement with the result of the
present work.

5.6 73Ge(n,nα)69mZn

The 73Ge(n,nα) reaction produces the 69Zn residual nucleus in both its ground and isomeric
state. The decay properties of this nucleus and the γ-ray used for the cross section determi-
nation are described in section 5.2. No other experimental data were found for this reaction,
while the existing evaluation libraries [18, 20, 22], in lack of sufficient number of experimen-
tal points, seem to underestimate the cross-section values.
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5.7 74Ge(n,α)71mZn

The 74Ge(n,α) reaction produces the 71Zn residual nucleus in both the ground and an isomeric
state. Only the latter is studied in this work that decays via 100% β- decay to 71Ga with a
half life of 4.14 h. The de-excitation to its respective ground state is accompanied by the
emission of the 386.28 and 487.34 keV γ-rays with respective intensities of 89.0(11)% and
61.9(4)% [31]. The preliminary cross-section results that are presented in Figure 1g are in
very good agreement with the trend of the dataset of Konno et al. and the cross-section values
of Hoang et al., within the statistical uncertainties. The existing libraries above 15 MeV are
quite discrepant, possibly due to the lack of experimental data in this energy region.

5.8 74Ge(n,np/d)73Ga

The decay properties of the 73Ga residual nucleus produced from the 74Ge(n,np/d)73Ga re-
action, are described in section 5.4. The preliminary cross-section result of the present work
is presented in Figure 1h and is in good agreement with the EAF-2010 evaluation library,
while the trend of the dataset of Konno et al. seems to slightly overestimate the cross-section
values.

5.9 76Ge(n,2n)75Ge

The 76Ge(n,2n)75Ge reaction produces the 75Ge residual nucleus that decays to 75As (100%
β-). The de-excitation to the ground state of 75As, is accompanied by the emission of the
264.6 and 198.6 keV γ-rays with respective intensities of 11.4(11)% and 1.19(12)% [32].
The preliminary cross-section result are presented in Figure 1i and are in very good agreement
with the trend of all the presented libraries as well as with the dataset of Megha Bhike et al.
[33] that also used an enriched target for the measurements, and the dataset of Steiner et al.
[34] which is the only one in the energy range above 15 MeV.

6 Summary

The preliminary cross-section results of the 70Ge(n,2n)69Ge, 72Ge(n,p)72Ga,
72Ge(n,α)69mZn, 73Ge(n,p)73Ga, 73Ge(n,np/d)72Ga, 73Ge(n,nα)69mZn, 74Ge(n,α)71mZn,
74Ge(n,np/d)73Ga and 76Ge(n,2n)75Ge reactions are presented for neutron energy of 15.7
MeV, where few experimental data exist and the evaluation libraries exhibit discrepancies.
The isotopically enriched Ge samples used in the present work were provided by the n_TOF
collaboration (CERN) in the form of GeO2 pellets. The cross-section results produced from
enriched targets are more accurate in comparison with the ones produced from natGe targets,
since in the latter case, the measured yield is "contaminated" by other reaction channels
stemming from neighboring isotopes that exist in the natGe target in their natural abundances.
This contribution becomes significant for neutron energies above ∼14 MeV. Accurate cross
section values measured with highly enriched targets are thus very important in this energy
range, since the aforementioned "contamination" is negligible. Therefore, these cross-section
results could act as a very important constraint in the input parameters of statistical model
calculations, and could improve the accuracy of future evaluation libraries.
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