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Abstract. Threshold activation detectors (TAD) are of great importance for a determination of neutron energy
spectra and flux density. For different sources, it is necessary to choose the right combination of materials that
cover the estimated spectra. Several different materials were irradiated in a quasi-monoenergetic neutron field
with 29.1 MeV peak neutrons energy in the CANAM facility. Neutrons were produced in p + Li-7 reaction in a
thin target and the foils were situated in the proton beam axis and close geometry to the Li target. The integral
number of protons was established from accelerator telemetry and lithium target activation measurements after
the experiment. During the experiment, one long irradiation was done for following foils: Al, Au, Bi, Co, Cu,
Fe, In, Mn, Pb, Ta, V, Y and four short irradiations for foils: Cu, Fe, In, Ta, V, W, Y. The foils were irradiated
in a sandwich configuration, sorted by cross-section where the materials with higher cross-section were placed
in the back of the sandwich. Neutrons produced in the p + Li-7 reaction have a quasi mono-energetic spectrum
which provides a suitable basis for cross-section determination. Experimental results were calculated for (n,xn),
(n,p) and (n,α) reactions via the dosimetry foils activation method including a gamma-ray spectroscopy method.
Several important spectroscopic corrections have to be applied to increase the accuracy of the obtained results,
including neutron background suppression. Experimental data will be submitted to the EXFOR database.

1 Introduction

Well known cross-sections for different neutron reactions
are important for most nuclear applications. Some re-
actions are described from low energy to high energies,
but most of them do not have enough experimental data.
One of the applications that need a good knowledge of
the cross-sections is measuring of a neutron flux density
and neutron spectrum with the TAD. This off-line method
uses a difference in energy of thresholds for various nu-
clear reactions. For spectrum with energy from several
hundred keV up to several MeV are important (n,p), (n,n’),
and (n,α). An (n,xn) reactions are used from several MeV
up to dozens of MeV. The use of TAD is wide for exam-
ple the describing neutron field around some experimental
set-ups, channels, and different devices. The TAD main
advantages are simple usage, small dimensions, low cost,
and with a large number of detectors is possible to make
very accurate measurement during one irradiation.

2 Experimental part

The experimental part was carried out at the Center of
Accelerators and Nuclear Analytical Methods (CANAM),
Nuclear Physics Institute (NPI) of the Czech Academy

∗e-mail: xkrald00@vutbr.cz

Figure 1. MCNPX model of lithium target with samples.

of Science in Rez, Czech Republic. Experimental sam-
ples were irradiated by the quasi-monoenergetic spectrum
from lithium neutron source [1]. Neutrons are produced
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in 7Li(p,n)7Be reaction. The measurement was done with
energy 29.1 MeV in neutron peak. All the samples had
the same dimension 1.25×1.25 cm2 with different thick-
nesses. The weights of the samples vary from 0.1 to 0.7 g
depending on the values of cross-sections of expected re-
actions. The foils were mounted on an aluminum holder
in sandwich in this order: V, Ta, Y, Fe, Al, Cu, Mn, Co,
Bi, In, Pb and Au. The nuclear reactions from a gold
sample were used as a neutron fluence monitor. All sam-
ples were in high purity metallic form. Figure 1 shows 3D
model of samples in sandwich behind the neutron source
[2]. The irradiation took 8 hours and proton beam intensity
was around 6 µA. After the end of irradiation, the samples
were measured at HPGe detectors at NPI in Rez, the Uni-
versity of Defence in Vyskov, and at BUT in Brno. Each
sample was measured several times with a different time
of measurement.

3 Cross section calculations

The spectra from gamma spectroscopy measurement were
processed in Deimos32 software [3]. Due to the high
amount of experimental data were all the gamma spectro-
metric correction applied in special software packages [4].
The output from code is a production rate for each isotope
and decay curve reconstructed from the individual mea-
surement. Production rate is calculated by this equation
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where S (Eγ) is peak area of gamma line, Iγ is the intensity
of gamma line, λ is the decay constant, treal is the real mea-
surement time, tlive is the live time of the measurement, tirr

is the length of irradiation and tdelay is the time between
the end of the irradiation and beginning of the measure-
ment. εFEP is the full energy-peak efficiency, Cabs is the
self-absorption correction and COIE is the correction for
true coincidence summing.

The correction for true coincidence summing was ob-
tained from TrueCoinc code [5]. This negative effect ap-
plies to close measurements on the HPGe detector. Due
to the high relative efficiency of detectors in Rez was not
necessary to use this correction on the data from NPI. The
accuracy in correction determination is influenced by the
calculation of both a total and full-energy-peak efficiency.

The final cross-section from the production rate was
calculated by this equation
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where S is the sample surface perpendicular to proton
beam, Nn is the neutron fluence, ms is the sample weight,
Ar is the relative atomic mass of the sample, NA is the Avo-
gadro constant, r is the abundance of isotopes of a chem-
ical element, Cbgr is the background correction, which

refers to a part of neutron spectrum outside the peak and
C f lux is a correction of neutron flux intensity [6].

The value of neutron fluence was calculated from the
production rate of (n,2n), (n,3n), and (n,4n) reaction in
gold foil with the same equation as 2. This is possible due
to good knowledge of gold cross-sections in this energy
range.

Figure 2. Neutron spectrum and cross section for 59Co(n,3n)
reaction.

Figure 3. Neutron spectrum and cross section for 59Co(n,α) re-
action.

3.1 Background subtraction and neutron flux
correction

The quasi-monoenergetic spectrum from the neutron
source has a monoenergetic peak and continuum at lower
energies. The contribution of those lower energies could
be half of the flux intensity with respect to the proton en-
ergy. Therefore it is necessary to subtract this background
for all reactions in which threshold energy is much lower
than the energy of neutron peak.

Subtraction is based on the calculated cross-section
from Talys 1.4 [7] and simulated neutron spectrum from
MCNPX [8]. The Talys 1.4 was used and verified for
this type of measurement in older experiments and works
[6, 9]. The correction factor is calculated as a ratio be-
tween a product of cross-section and neutron flux in peak
and for the whole spectrum [6]. The background subtrac-
tion process is independent of an absolute value of cross-
section. It depends only on the shape of the cross-section.
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3.1 Background subtraction and neutron flux
correction

The quasi-monoenergetic spectrum from the neutron
source has a monoenergetic peak and continuum at lower
energies. The contribution of those lower energies could
be half of the flux intensity with respect to the proton en-
ergy. Therefore it is necessary to subtract this background
for all reactions in which threshold energy is much lower
than the energy of neutron peak.

Subtraction is based on the calculated cross-section
from Talys 1.4 [7] and simulated neutron spectrum from
MCNPX [8]. The Talys 1.4 was used and verified for
this type of measurement in older experiments and works
[6, 9]. The correction factor is calculated as a ratio be-
tween a product of cross-section and neutron flux in peak
and for the whole spectrum [6]. The background subtrac-
tion process is independent of an absolute value of cross-
section. It depends only on the shape of the cross-section.

The main advantage of the Talys code is the ability to sim-
ulate cross-sections for high energies for which evaluated
data are not available. Also for less typical reactions that
do not have any available data.

Because both spectra are binned with step 250 keV the
correction formula has this form

Cbgr =

∑
i,peak σi · Ni∑

i,spectrum σi · Ni
. (3)

The neutron flux is simulated for every sample. Two
examples of cross section with different energy threshold
are shown in Figure 3 and 2. Values of background cor-
rection coefficients are in Table 1.

Figure 4. Neutron flux comparison.

Because of the intensity of neutron flux decrease with
the inverse-square law so it was made neutron flux inten-
sity correction as a ratio between simulated flux in gold
foil and the other foils. Neutron flux in the first and last
foil is compared in Figure 4. The difference between those
two foils is 12 %.

The uncertainty estimation of background subtraction
is a sum of simulated neutron spectra uncertainty and
uncertainty of the used cross-sections under the neutron
peak. The estimation varies for different reactions because
some cross-sections are more known than others but none
of the uncertainty is greater than 10 % [9]. The back-
ground and flux corrections are given in Table 1.

4 Results
All the evaluated data are in Table 1. Some of the cal-
culated cross sections are already known and this experi-
ment helps to verify them. The example is 59Co(n,α)56Mn
reaction which is shown in Figure 5. For some reactions
were obtained completely new results. Those results are
shown in Figures 6 and 7. In all plots are results com-
pared with current data from the EXFOR database, sim-
ulated cross-sections from Talys 1.4 code, and with some
available evaluated data like EAF-2010 [10] or BROND-
3.1 [11].

5 Conclusion
The quasi-monoenergetic neutron source was used to ob-
tain (n,xn), (n,α) and (n,p) cross sections for these ma-

Figure 5. Cross-section for 59Co(n,α)56Mn reaction.

Figure 6. Cross-section for 115In(n,α)112Ag reaction.

terials: V, Ta, Y, Fe, Al, Cu, Mn, Co, Bi and In for the
energy 29.1 MeV. Uncertainties of calculated values are
caused by neutron fluence calculation, background correc-
tion, and spectroscopic analysis. Most of the uncertainties
are near 15 %. Obtained data are in good agreement with
theoretical and experimental data.

Some results are completely new for this energy and
will be helpful to verify theoretical models and applica-
tions that use nuclear data. The difference between ob-
tained data and well-known cross-section will be subject
of further analysis during the processing of new measure-
ments with different neutron energy.
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Table 1. Cross section results

Isotope Abundance Reaction Eth T1/2 C f lux Cbg XS dXS
(-) (%) (-) (MeV) (-) (-) (barn) (barn)
27Al 100 (n,α) 3.25 14.958 h 1.03 0.15 0.0027 0.0004
51V 99.75 (n,α) 2.10 43.67 h 1.00 0.40 0.0060 0.0009
56Fe 91.72 (n,p) 2.97 2.57878 h 1.02 0.26 0.0266 0.0038
55Mn 100 (n,2n) 10.40 312.19 d 1.05 0.46 0.2069 0.0295
59Co 100 (n,α) 0.00 2.57878 h 1.07 0.25 0.0051 0.0007
59Co 100 (n,p) 0.80 44.494 d 1.07 0.29 0.0172 0.0025
59Co 100 (n,2n) 10.60 70.85 d 1.07 0.47 0.2594 0.0371
59Co 100 (n,3n) 19.35 271.81 d 1.07 0.96 0.2752 0.0393
63Cu 69.17 (n,3n) 22.67 3.366 h 1.04 0.98 0.1364 0.0275
65Cu 30.83 (n,p) 1.38 2.5172 h 1.04 0.47 0.0128 0.0019
89Y 100 (n,α) 0.00 18.631 d 1.02 0.68 0.0066 0.0011
89Y 100 (n,2n) 11.61 106.63 d 1.02 0.50 0.4946 0.0703
89Y 100 (n,3n) 21.10 79.8 h 1.02 0.98 0.7066 0.1008
89Y 100 (n,3n)-m 21.10 13.37 h 1.02 0.98 0.4548 0.0647
115In 95.70 (n,n’)-m 0.00 4.486 h 1.12 0.06 0.0372 0.0053
115In 95.70 (n,α) 0.00 3.13 h 1.12 0.62 0.0041 0.0006
115In 95.70 (n,2n)-m 9.10 49.51 d 1.12 0.33 0.3571 0.0511
209Bi 100 (n,4n) 22.55 6.243 d 1.09 1.00 0.8280 0.1180

Figure 7. Cross-section for 89Y(n,α)86Rb reaction.
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