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a b s t r a c t

Americiumeberyllium (Am-Be; n, g) is a neutron emitting source used in various research fields such as
chemistry, physics, geology, archaeology, medicine, and environmental monitoring, as well as in the
forensic sciences. It is a mobile source of neutron activity (20 Ci), yielding a small thermal neutron flux
that is water moderated. The aim of this study is to develop a model to increase the neutron thermal flux
of a source such as Am-Be. This study achieved multiple advantageous results: primarily, it will help us
perform neutron activation analysis. Next, it will give us the opportunity to produce radio-elements with
short half-lives. Am-Be single and multisource (5 sources) experiments were performed within an
irradiation facility with a paraffin moderator. The resulting models mainly increase the thermal neutron
flux compared to the traditional method with water moderator.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Americiumeberyllium (Am-Be) is a neutron-emitting source
used in many domains. It provides many advantages such as high
stability of the produced flux [1]. Furthermore, it is used for source
calibration via neutron instrumentation, which can be employed in
several areas [2] such as neutron activation analysis (NAA).

Due to the high flux, the NAA method is frequently used with
reactors and accelerators for the generation of radionuclides used
in many fields such as Medicine, Industry, and Agriculture [3e5].
However, this technology is only available in developed countries
due to its high cost [3,6,7]. In this work, using an Am-Be neutron
A. Didi).

by Elsevier Korea LLC. This is an
source, we attempt to develop a new model for nuclear instru-
mentation. Themain focus is to perform neutron activation analysis
using thermal and fast neutrons in order to study samples outside
reactors and accelerators [2,8e11].

2. Methods and materials

2.1. Am-Be source

Am-Be is a mixture of heavy isotopes. It is a compact mixture of
finely powdered AmO2 [8]. The mixture is compressed into a cy-
lindrical capsule with a density of 1.3 g/cm3, as shown in Fig. 1
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Fig. 1. Cross-sectional view of 241Am-Be neutron source assembly.
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[12,13]. Therefore, the created source produces a large number of
neutrons [14,15]:

Americium-241 has two important irradiations. The first is called
a radiation, and reaches 85% with a spectrum energy of 5.486 MeV.
The second is calledgwhit, andreaches36%withanenergyof60KeV.

The 241Am source is contained in a standard capsule called
Amersham X.14 (QSA Global, USA), and is referenced with the
AMN241 code [13]. The capsule has an activity of 20 Ci and an
emission of 2.2� 106 n/cm2s [14,16,17]. It consists of double layers
made of stainless steel (Figs. 1 and 2), with the following compo-
sition: C (0.004%); Mn (1.59%); P (0.011%); S (0.008%); Si (0.37%); Cr
(16.96%); Ni (3.61%); Mo (2.29%); Fe (65.16%) [14].

2.2. Monte Carlo N-particle code

The Monte Carlo N-particle transport (MNCP) code simulates
individual particles and their interactions to record the average
properties of the total system. The code can be used to model
neutron, photon, and electron fields as well as to model coupled
neutronephotoneelectron fields in which secondary effects can be
considered. Each stage in the history of a particle is determined by
random sampling of the probability distributions that govern the
interaction of the particle with the material [18e20]; MCNP sim-
ulates every single particle and its track through the geometry of
the problem. The probability of a particle traveling a certain dis-
tance [ before collision is given by Eq. (1):
Fig. 2. Plan view of 241Am-Be neutron source.
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Solving for [ gives Eq. (4):

[ ¼ � 1P
t
lnð1� xÞ (4)

The random numbers x are evenly distributed between 0 and 1
[20e22]. It follows that 1 e x follows the same distribution. Thus,
the distance to collision is randomly sampled according to Eq. (5):

[ ¼ � 1P
t
lnðxÞ (5)

If there are more possibilities of the behavior, MCNP makes a
decision in such a way that the probability of each behavior cor-
responds to the real statistical probability distribution [23]. By
tracking all the particles, it is possible to calculate so-called tallies. A
tally is output information a user can receive fromMCNP [18,20,23].

In this study, to calculate the flux in each cylinder, we use the
card F4 tally [18,20,24], presented in Eq. (6):

F4 ¼

Z
∅ðEÞdE
N

(6)

where: ∅ represents the neutron flux (n/cm2s); N represents the
number of source neutrons/s; and E represents the energy.

Experimental simulationwas performed using theMCNP-6 code
through the cross section and nuclear data from the ENDF/B-VII
library. In addition, the thermal neutrons are described by the
free gas S(ɑ,b) [22,24]. In this work, we use the thermal flux with a
range of energy between 0 and 6.25� 10e7 MeV.

2.3. The proposed models

Our proposal consists of four models, described as follows. The
first model is based on using a single source and replacing water,
Fig. 3. Vertical view of the 241AmeBe neutron source of 20 Ci.
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the classic moderator, with paraffin (Fig. 3).
The second model consists of using the first model and adding

two parallel barriers of solid beryllium (Fig. 4).
For the third model, we combine five identical sources of Am-Be

(20 Ci for each) with paraffin as moderator (Fig. 5).
The last model combines the previous model (Model 3) with

two parallel barriers of solid beryllium. The results in the output file
are normalized by Equation (7) using Microsoft Excel and then
analyzed and interpreted in the form of graphs and tables.

Flux ¼ Tally * Source Strengh
�

n
cm2s

�
(7)
Fig. 4. Horizontal view of the 241Am-Be neutron source of 20 Ci.

Fig. 5. Horizontal view of five sources of 241Am-Be neutron source with Barriers of Be
of 20 Ci for each.

Fig. 6. Radial neutron flux of one source of 241AmeBe of 20 Ci.
3. Results

After simulation using the MCNP-6 code of 30� 109 stories of
particles for the three designs, we noticed very quickly that the
neutron flux was distributed evenly on both sides of the source.

The yields of neutron flux are at a maximum in the design of a
single source of Am-Be in paraffin; yield is (2.2± 0.0008)� 106 n/
cm2s, as shown in Fig. 6. This result can be compared with the
Fig. 7. Radial neutron flux of one source of 241Am-Be of 20 Ci with two barriers.

Fig. 8. Radial neutron flux of five sources of 241AmeBe of 20 Ci without barriers.

Fig. 9. Radial neutron fluxes of five sources of 241AmeBe of 20 Ci with barriers.



Table 1
Performance of neutron fluxes of single and multi-sources of Am-Be.

Sogbadji et al [21] Our study with single source Our study with 5 sources

Single source 4 sources Without barriers With barriers Without barriers With barriers

Neutron Flux n/cm2s (1.8± 0.0007)� 106 (5.4± 0.0008)� 106 (2.2± 0.0008)� 106 (2.5± 0.0008)� 106 (1.09± 0.0008)� 107 (1.22± 0.0008)� 107

Increase Factor 1 3.4 1.25 1.4 6.10 6.8
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results of experiments using water as moderator; those results
yielded a value of (1.8± 0.0007)� 106 n/cm2s [21].

In the second design, we have fixed two parallel barriers of solid
beryllium at a distance of 24 cm, as shown in Fig. 5; thermal
neutron simulation increased to (2.5± 0.00008)� 106 n/cm2s.
Fig. 7 shows that increasing the flux of neutrons can be explained
by the fact that several fast neutrons are reflected by both barriers,
which contributes to the increase of the thermal neutrons' flux in
the source between the two barriers.

Then, the neutron flux generated by identical five sources (Am-
Be), is more intense than that of a single source; the thermal flux is
(1.15± 0.0007)� 107 n/cm2s, as shown in Fig. 8; the increase rate is
five times that of the flux of a single source. We can conclude that,
more than the numbers of sources, the degree of thermal flux is
important.

Finally, the performance profile of the thermal flux increased to
(1.22± 0.0008)� 107 n/cm2s in the case of two barriers, with a rate
of increase equal to 6.8, as can be seen in Fig. 9 and in Table 1.

4. Discussion

Due to the presence of the paraffin moderator, and owing to the
concept of thermalization, the majority of the fast neutrons emitted
by the Am-Be become slow and change to thermal neutrons. The
high rate of production of thermal neutrons can be explained by the
interaction between the neutrons and the material used.

Furthermore, during elastic collisions between two particles, the
transfer of kinetic energy between the neutron-protons is maxi-
mized when their masses are equal. The fast neutrons produced by
the Am-Be then pass through the paraffin blocks, where they lose
energy through their interactionwith the paraffin hydrogen atoms,
transforming into low energy neutrons [24].

According to the measurements made, the results clearly show
that the neutron flux increases when water is replaced as moder-
ator with paraffin and when two parallel barriers are added. By
explaining this phenomenon according to the fact that the con-
centration of paraffin is lower than that of water, we can assert that
both barriers play roles as neutron scatterers; when a neutron has
just escaped from the source, it undergoes diffusion towards the
interior towards the two barriers.

The subsequent increase of thermal neutron flux within the
paraffin is the result of the paraffin’s density of 0.88 g/cm3. Water
has a higher density (1 g/cm3) than that of paraffin. As a result,
neutron absorption in water is greater than in paraffin.

5. Conclusion

In this work, from an analysis of experimental and simulated data
using the MCNP code, we can infer that paraffin as a moderating
material is superior to water, producing a greater thermal neutron
flux. We can see that the neutron flux increases from 1.8� 106 n/
cm2s to 2.2� 106 n/cm2s; this is beneficial for neutron activation
analysis. The intense thermal neutron flux recorded in the multi-
source design (5 sources) with both levels of barriers flux increased
to 1.22� 107 n/cm2s, which can be useful for advancing research
across multiple disciplines, such as the production of radioelements
with small half-lives; the detection and identification of light ele-
ments such as carbon and boron; neutron activation analysis by
prompt g method NAA; and conventional instrumental NAA.

We propose a multisource installation of Am-Be. This would
solve various national level socio-economic problems.
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