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Abstract
In this study, experimental results from neutron activation of gold and indium foils are compared with the activation simulated 
using PHITS and PHITS-DCHAIN codes. The aim was to evaluate the accuracy of these simulation methods for predicting 
the amount of induced activity in such foils. Neutron activation experiments were carried out using a 10 Ci AmBe source 
at the University of Applied Sciences Aachen in Germany. Activities were determined using a modern BEGe detector by 
measuring the γ-ray spectra of decaying 198Au and 116mIn. In the simulation, two methods were used to extract the activities: 
a direct flux analysis and a more detailed DCHAIN calculation. Generally, very good agreement of the activities within 15% 
is observed, which shows the reliable nuclear physics input and neutron transport calculation of the PHITS code for these 
kinds of experiments.

Keywords  Activation method · Benchmarking · Validation · PHITS · 197Au(n,γ)198Au · 115In(n,γ)116 mIn

Introduction

Neutrons play a pivotal role in modern science and technol-
ogy. Since a long time, they are used in a wide variety of 
applications and fundamental research experiments. The free 
neutron has a lifetime of only about 15 min, which requires 
a constant neutron production to carry-out experiments and 
industrial applications. Ongoing effort is made to engineer 
reliable neutron sources based on very different production 
mechanisms, like fission, spallation or nuclear reactions. A 
typical example using nuclear reactions is a modern acceler-
ator-driven compact neutron source (CANS), which attracted 
more and more interest over the past years [1, 2]. Especially 
the ability to keep the neutron source compact while pro-
ducing strong neutron fields is a direct output of modern 
accelerator designs and technologies. The produced neutron 

field can be tailored to an individual application depending 
on the use case. This involves parameters such as neutron 
flux, neutron energy and angular distributions, extraction 
efficiencies, and brilliance. With this modern approach, it is 
possible to design neutron energies suited for neutron scat-
tering experiments at cold neutron energies, but also thermal 
and epithermal fields for e.g. isotope production and even 
future medical therapy applications like boron neutron cap-
ture therapy [3, 4].

For the huge range of individual designs, it is important 
to make use of reliable tools for simulating the production of 
the neutrons and the resulting neutron field. This allows for 
a detailed extraction of desired parameters like energy and 
angular distributions. These tools need to cover the chain 
from production of the neutrons via the initiated nuclear 
reactions to the moderation and reflection process in a target-
moderator-reflector system. Typically, modern Monte-Carlo 
simulations, which include nuclear reactions and moderating 
processes, are employed for these tasks [5, 6].

One of the general tools commonly used for such simula-
tions is the Particle and Heavy Ion Transport code System 
(PHITS) [7]. Given the outlined importance of these simula-
tions, it is necessary to assess their reliability and identify 
the parameters influencing the accuracy of the results.
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It is therefore important to benchmark the results of 
these PHITS simulations by comparing them to the results 
of measurements. A traditional method to determine prop-
erties of a neutron field is the neutron activation analysis 
(NAA) [8]. In this paper, we perform detailed simulations of 
a NAA employing the PHITS code. The simulations imple-
ment the properties and the environment of an americium-
beryllium (AmBe) source at the University of Applied Sci-
ences Aachen in Germany, to simulate the activation of gold 
and indium foils. Two different simulation methods are used 
to extract the activity of the foils at the end of the irradiation. 
Experimentally, both foils were activated using the existing 
experimental site and are subsequently analysed by using 
γ-ray spectroscopy. By comparing the experimental results 
with the simulated outcome, we benchmark the output of the 
PHITS code and therefore examine the reliability of PHITS 
for these kinds of applications. Finally, this study aims to 
provide insights into the accuracy of PHITS simulations and 
their applicability in neutron activation analysis.

In the following chapter, the experiment and the extrac-
tion of the activity of both foils is described. This is followed 
by a detailed discussion of the corresponding PHITS simu-
lation and the derivation of the activity using two different 
methods. In the final chapter, both results are compared and 
evaluated in detail.

Experiment

High purity (> 99.8%) gold (m = 165 mg, S = 2.5 × 1.4 
cm2) and indium (m = 4.9 mg, S = 0.5 × 0.5 cm2) foils of 
0.025 mm thickness were irradiated at the irradiation facil-
ity of the Aachen University of Applied Sciences depicted 
in Fig. 1. It consists of an americium-beryllium (AmBe) 
sealed neutron source surrounded by a paraffin wax cube 
with sides of 71 cm. The cube is lined with 0.5 cm thick 
successive layers of Fe, Cd and Fe. Five plexiglass tubes 
with a length of 49 cm, an inner diameter of 2 cm and a 
wall thickness of 0.5 cm are inserted in the middle of the 
paraffin wax cube. The AmBe source was placed at the 

bottom of the central tube. The activity of the source was 
370 GBq and the neutron emission specified by the sup-
plier is (2.0 ± 0.2) × 107 s−1. The foils were fixed on the 
inner wall of a polyethylene cup, which was positioned at 
the height of the neutron source for irradiation (see Fig. 1).

The irradiation time was 7  h for gold and 2  h for 
indium. The activities of 198Au (T1/2 = 2.69 d) and 116mIn 
(T1/2 = 54.3 min) induced by neutron capture on 197Au and 
115In were determined using a Broad Energy Germanium 
(BEGe, Mirion Technologies) detector with of relative 
efficiency of 34%. The gamma spectra of the gold and 
indium foils were measured for 67 and 26 h after wait-
ing times of 69 and 0.1 h from the end of the irradiation, 
respectively. The distance between the foil and the detec-
tor end cap was 19 cm for gold and 0 cm for indium. The 
measured spectra are shown in Figs. 2 and 3. The GENIE 
2000 software V3.4.1. (Mirion Technologies) [9] was 
used to analyse the recorded spectra. Calibration of the 
BEGe detector in energy, resolution i.e. full width at half 
maximum (FWHM) and efficiency i.e. full-energy-peak 
(FEP) efficiency was performed with 152Eu and137Cs point 
sources of well-known activities. For the determination 
of the FEP efficiency at 0 cm losses due to true coinci-
dence summing were corrected using the method given 
in [10]. The dependence of the FEP-efficiency �E� on the 
gamma-ray energy E� for the two measurement positions is 
shown in Fig. 4. and can be expressed for the energy range 
121–1400 keV by the following expression:

with a0 = −1.181798 102, a1 = 7.576702 101, a2 = −1.869284 
101, a3 = 2.013540 and a4 = −8.092704 10–2 for the dis-
tance of 19 cm, a0 = −1.215370 102, a1 = 8.133236 101, 
a2 = −2.029289 101, a3 = 2.211086 and a4 = −8.983246 10–2 
for the distance of 0 cm and E� in keV.

The activity A (Bq) of 198Au and 116mIn produced at the 
end of the irradiation was calculated using the following 
relation:

(1)ln(�
E�
) =

4
∑
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a
i

(
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�
)
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Fig. 1   Geometrical model of the 
irradiation facility used for the 
simulations. Left picture: view 
from the top. Right picture: 
vertical cut in the middle plane 
along the symmetry axis of the 
Plexiglas tube containing the 
AmBe source with the material 
description

� Plexiglass

� AmBe Source

� Polyethylene cup

� Foil position

� Paraffin wax

� Iron

�� Cadmium
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where PE�
 is the net peak area of the gamma line at energy 

E� , � [s−1] the decay constant of the considered isotope, tm 
[s] the counting (live) time, �E�

  the FEP efficiency, IE�
 the 

(2)A =
PE�

⋅ �

�E�
⋅ IE�

⋅

(

1 − e−�⋅tm
)

⋅ e−�⋅td

intensity of the gamma ray and td [s] is the waiting time 
between the end of the irradiation and the start of the meas-
urement. The activity of 198Au was calculated from the 411-
keV line and this of 116mIn from the 417-, 1097- and 1293-
keV lines. The results are given in Table 1.

Fig. 2   Gamma-ray spectra 
of the gold foil (m = 0.165 g) 
recorded for 67 h after an irra-
diation time of 7 h and a waiting 
time of 69 h from the end of 
irradiation. The gamma lines 
of 198Au are labelled on the 
spectrum. Non-labelled lines are 
background lines

Fig. 3   Gamma-ray spectra of 
the indium foil (m = 0.0049 g) 
recorded for 26 h after an irra-
diation time of 2 h and a waiting 
time of 0.1 h from the end of 
irradiation. The gamma lines 
of 116mIn including summation 
peak due to true coincidences 
are labelled on the spectrum. 
Non-labelled lines are back-
ground lines
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Fig. 4   Energy dependence of 
the full-energy-peak efficiency 
(FEP-efficiency) for the two 
measurement distances of the 
foils from the detector end-cap, 
0 and 19 cm. The dashed lines 
represent the fit of the data with 
Eq. (1)

Fig. 5   Neutron energy spectrum 
used to simulate the AmBe 
source utilized in the experi-
ment. The spectrum data were 
derived from PHITS supple-
mentary files [8]

Table 1   Obtained net counts 
and the parameters used for the 
calculation of activity foils

The intensity of the gamma ray (IEγ) taken from [11]

Foils Reaction T1/2 Eγ [keV] IEγ (%) εEγ PEγ A (Bq)

Au 197Au(n, γ)198Au 2.6948 d 411.2 95.62 0.00151 29,887 ± 173 238 ± 24
In 115In(n, γ)116m1In 54.29 min 416.9 27.2 0.0524 12,796 ± 112 206 ± 21

1097.3 58.5 0.0213 11,018 ± 108 203 ± 20
1293.6 84.8 0.018 13,197 ± 122 199 ± 20
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Simulation

In order to determine the activity of the foils the neutron 
energy spectra within the foils were simulated with the 
Monte Carlo code PHITS (Particle and Heavy Ion Trans-
port code Sytem, version 3.22) [7] using the nuclear data 
library JENDL 4.0 [12]. Additionally, the activity of 198Au 
and 116mIn was determined with DCHAIN [13], which is 
a module of PHITS allowing the direct calculation of the 
activity. In this method the neutron energy spectra within the 
foil with 1968 energy group structure (distributed into 1968 
individual energy groups) below 20 MeV as a basic input file 
for DCHAIN, is produced. Then DCHAIN, which contains 
the neutron activation cross sections with 1968 group struc-
ture, is executed producing the activity of the foil. The geo-
metrical model of the irradiation facility used for the simula-
tions is as shown in Fig. 1. The simulations were performed 
with 109 source particles. The neutron energy spectra within 
the gold and indium foils are given in Fig. 6. The depression 
of the neutron flux at the energy of the main resonances, 
indicated by arrows, of gold (4.90 eV) and indium (1.46 eV) 
can be well observed.

The spectra are divided into three energy regions 
defined as thermal (1 meV to 0.5 eV), epithermal (0.5 eV 
to 0.1 MeV) and fast (0.1 MeV to 10 MeV). In the thermal 
energy region, the neutrons are in thermal equilibrium with 

the surrounding medium and their velocities conform the 
Maxwell–Boltzmann distribution with the neutron capture 
cross sections being inversely proportional to the neutron 
velocity [14].

In the epithermal region, the neutron capture cross-sec-
tions display resonances and the neutron flux is related to 
the neutron energy in a specific way. The dependence of the 
neutron flux �epi(E) , on the neutron energy E in this region 
can be expressed by:

where �epi , is the epithermal neutron flux at an energy of 1 
eV and α a parameter accounting for deviation from an ideal 
1/E epithermal neutron spectrum. Integration of Eq. (3) over 
the energy limits Emin and Emax leads to

where �tot is the total epithermal neutron flux for the energy 
range Emin = 0.5 eV, to Emax = 0.1 MeV. If the neutron flux, 
�epi(E) can be obtained over small energy intervals �E , the 
interval gives an average flux value in that range, such as

(3)�epi(E) =
�epi

E1+�

(4)�epi =
�tot ⋅ �

(E−�
min

− E−�
max

)

Fig. 6   Neutron energy spectra 
within the gold and indium foils 
obtained from the simulations. 
The arrows indicate the neutron 
flux depression at the resonance 
energy of 1.46 eV for 115In and 
4.90 eV for 197Au

Table 2   Thermal, epithermal and fast neutron flux within the gold and indium foils and α parameters determined from the simulated neutron 
energy spectra shown in Fig. 5

Foil α �th(cm−2 s−1) �epi(cm−2 s−1) �fast(cm−2 s−1)

Au −0.066 ± 0.0066 (5.11 ± 0.51) × 104 (1.30 ± 0.13) × 103 (1.10 ± 0.11) × 105

In −0.067 ± 0.0067 (5.26 ± 0.53) × 104 (1.33 ± 0.12) × 103 (9.80 ± 0.11) × 104
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The analysis of the epithermal region of the neutron energy 
spectra shown in Fig. 6 with Eq. (5) lead to a parameter α of 
-0.066 for the gold foil and -0.067 for the indium foil. The 
thermal, epithermal and fast neutron fluxes within the foils 
are given in Table 2.

The activity A (Bq) at the end of the irradiation is calcu-
lated by:

where m (g) is the mass of the element, N is the Avogadro’s 
number, M (g/mol) the molar mass, h the abundance of the 
isotope, tb (s) the irradiation time, t

1∕2 (s) the half-life of the 
radionuclide, �th (cm2) and �fast (cm2) the thermal and fast 
neutron cross-section, I� (cm2) the radiative neutron cap-
ture resonance integral, and �th , �epi and �fast (cm−2s−1) the 

(5)ln

(

�epi(E)

�E

)

= −(1 + �) ⋅ ��(E)

(6)

A =
m

M
⋅ N ⋅ h ⋅

(

�th ⋅ �th + I� ⋅ �epi + �fast ⋅ �fast

)

⋅

(

1 − e
−

ln2⋅tb

t1∕2

)

thermal, epithermal and fast neutron flux within the sam-
ple. The radiative neutron capture resonance integral can be 
expressed as a function of α by [14]:

where Er , is the effective resonance energy for the consid-
ered (n, γ) reaction, and ECd , the cadmium cut-off energy. 
Equation 7 only holds when ECd = 0.55 eV, since 2(E0/
ECd)1/2 = 0.426 with E0 = 0.025 eV. Cross sections, resonance 
integrals and effective resonance energies for the 197Au(n, 
γ)198Au and 115In(n, γ)116mIn reactions are given together 
with the activities calculated by means of Eqs. (6) and (7) 
and returned by the DCHAIN module of the PHITS code 
in Table 3.

(7)

I�(�) =

(

I� − 0.426 ⋅ �th

Er
� +

0.426 ⋅ �th

(2 ⋅ � + 1) ⋅ ECd
�

)

⋅ 1eV�

Table 3   Parameters used to calculate the 198Au and 116In activities AFlux at the end of the irradiation by means of Eq. (6). The neutron fluxes are 
given in Table 2

ADCHAIN is the activity returned by the DCHAIN module of the PHITS code. Thermal neutron cross section (σth), resonance integral (Iγ), and 
effective resonance energy (Er) are obtained from [15]. Fast neutron cross section (σfast) is determined from the convolution of the reaction cross 
section from JENDL 4.0 library [12] obtained from [16] with the fast neutron spectrum given in Fig. 6 (100 keV to 10 MeV)

Foil Reaction �th(b) I�(b) �fast(b) Er (eV) I�(�)(b) AFlux Analysis (Bq) ADCHAIN (Bq)

Au 197Au(n, γ)198Au 98.7 ± 0.1 1550 ± 28 0.05 ± 0.04 5.65 ± 0.40 1738 ± 35 275 ± 28 207 ± 21
In 115In(n, γ)116mIn 161 ± 3.2 2705 ± 76 0.10 ± 0.01 1.56 ± 0.03 2972 ± 52 238 ± 24 196 ± 20

Fig. 7   Measured and simulated 
198Au and 116mIn activity at the 
end of the irradiation of the 
gold and indium foils. Flux 
analysis method: the activity is 
calculated by means of Eq. (3) 
using the thermal, epithermal 
and fast neutron flux simulated 
within the foils with PHITS. 
PHITS-DCHAIN method: the 
activity is directly calculated 
from the DCHAIN module
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Results and discussion

The comparison of the activities between the experimen-
tal and the simulated results of both performed activa-
tions of 197Au and 115In is shown in Fig. 7. Uncertainties 
shown include statistical and systematic uncertainties 
of the experiment. For the simulation, the uncertainty 
bars are based on systematic uncertainties. Both meth-
ods employed for the simulated data show similar results 
with a systematic trend of estimating lower activity using 
the DCHAIN than the flux analysis method. This effect 
can be explained and understood by the difference of how 
the activity is calculated in the simulations. In the flux 
analysis, the neutron energy spectrum is separated into 
neutron energy bins within a 100-group structure between 
the lowest and the highest energy. However, DCHAIN 
increases the resolution of the energy spectrum by using a 

1968-group structure. This results in an increased comput-
ing time, but in a more detailed calculation when folding 
the energy spectrum with the neutron capture cross sec-
tion, see Fig. 8. As the different resonance contributions 
are better resolved in the DCHAIN method, the results 
may also carry more uncertainty than in the rougher cal-
culations employed by the flux analysis. However, both 
results agree within 25% in the gold case and within 18% 
in the indium case.

When comparing the simulation results to the experi-
mental data, the flux analysis slightly overestimates the 
activity within around 15% in both cases. The DCHAIN 
analysis conversely underestimates the experimentally 
derived activity by around 15% for the gold samples, 
whereas only a very small underestimation is observed 
in the indium case. Both simulation results are within the 

Fig. 8   Neutron energy depend-
ence of the cross section of the 
reactions 197Au(n, γ)198Au and 
115In(n, γ)116mIn
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experimental uncertainty of 1σ and systematically show 
the same deviation in both irradiated foils.

The deviation from a pure 1/E epithermal energy spec-
trum is expressed by implementation of the α-factor. The 
good agreement between the simulated results and the 
experimental data points to a correct treatment of this 
deviation within the PHITS simulation. Similar α-factors 
as derived in this work have also been observed in other 
works [17, 18]. Within our experimental approach, it is not 
possible to extract the α-factor directly. However, using 
different experimental methods provided in previous stud-
ies [19, 20], it is also possible to derive this factor experi-
mentally, which is a foreseen future work.

Conclusion

Experimentally determined activities of gold and indium 
foils reached during NAA using an AmBe source were 
compared to activities derived by two simulation methods 
employing the PHITS code. We observe good agreement 
of the activities within experimental uncertainties. As 
such, the simulation inputs and methods used by PHITS 
for these kinds of simulations work well and show reli-
able output. This highlights the possibility of using the 
PHITS code for a trustable neutron transport simulation 
and employing it for different scenarios involving neutron 
transport and activation simulations, as e.g., for the design 
of various neutron fields required at e.g., accelerator-
driven compact neutron sources.
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