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A B S T R A C T

In this study, an approach to simulate a novel variable-yield heterogeneous 241Am-9Be was proposed with a
hybrid use of SOURCES4C and MCNPX codes, and its energy spectrum and neutron emission yield were simu-
lated. In these simulations, the energy spectra of the alpha particles emitted from the americium source and the
neutrons produced within the beryllium and oxygen contents as a result of 9Be(α,n) and 17,18O(α,n) reactions
were calculated with SOURCES4C whilst the neutron transport from neutron production points to the space
outside the source assembly were performed with the MCNPX code. The neutron energy spectrum and neutron
emission yield for two different configurations of single-rod and multi-rod sources (i.e., americium or americium
oxide rods in beryllium medium) were compared to a source of homogeneous americium (or its oxides) and
beryllium mixture. The proposed heterogeneous geometry was aimed to provide a neutron source with a variable
neutron yield, easy-to-shut down and easy-to-waste process features. The results confirmed that the homo-
geneous source represented the largest neutron yield compared to single- and multi-rod geometries. However,
the neutron yield in heterogenous geometry could be altered by varying the number of americium (or americium
oxide) rods to reach the desired neutron yield.

1. Introduction

The use of radioisotopic neutron source is the most convenient way
to produce neutrons through (α,n), (γ,n) and spontaneous fission re-
actions. They are highly practical due to their small size, easy-to-
handle, high-voltage-free and cost-effective features, whilst their main
disadvantages are their relatively low neutron yields and wide energy
spectra (Kumar and Nagarajan, 1977; Vega-Carrillo et al., 2002).
Radioisotopic (α,n) sources are binary compounds basically composed
of alpha-emitting isotopes (such as 210Po, 241Am, 226Ra, 252Cf and
238,239Pu) and light nuclides as the alpha target (such as 6,7Li, 9Be,
10,11B, 13C, 17,18O and 19F). Each radioisotopic neutron source has its
specific neutron characteristics (i.e., neutron yield, neutron energy
distribution, neutron spatial distribution and gamma-to-neutron ratio)
(Vega-Carrillo et al, 2009, 2014; Yücel et al., 2014). The precise
knowledge of above-named features is vital for any special design,
shielding, handling, or the like, where these neutron sources are pre-
sent. The neutron energy spectrum of (α,n) sources are highly depen-
dent on the kinetic energies of alpha particles emitted by the alpha

source that undergoes α-decay (Vega-Carrillo and Martinez-Ovalle,
2016). The neutron yield, on the other hand, is a complicated function
of the composition, geometry and volume of the (α,n) source (Vijaya
and Kumar, 1973). Various studies have been undertaken on the the-
oretical and experimental neutronics aspects of radioisotopic sources
including the design, manufacturing, flux calculations as well as dif-
ferent measurements (Mattera et al., 2017).

The conventional 241Am-9Be neutron sources due the long half-life
of 241Am (i.e., 432.2 y) needs an appropriate radiation shield for non-
working times. They have also severe radiochemical toxicity. Such a
mixture, after the end of source life, must be either disposed or un-
dergone a complex chemical processing. Whilst, the heterogeneous
geometry, alternatively, is easily shut down by removing the 9Be layer,
or the neutron production can be approximately switched off by putting
a sheet of appropriate size and material between the 9Be layer and
241Am core. It is well-accepted that the mechanical processing is always
easier and safer than chemical one.

The purpose of this study is to propose an approach to simulate a
novel variable-yield heterogeneous 241Am-9Be in order to determine
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both neutron energy and neutron yield with a hybrid use of
SOURCES4C and MCNPX codes. The results have been compared to the
homogeneous geometry.

2. Materials and methods

2.1. Neutron source

Two different heterogeneous configurations of 241Am-9Be source
have been considered in this study: (1) single-rod and (2) multi-rod
geometries. In both geometries, the exterior dimensions are identical to
the well-known Amersham X.14 capsules format (code AMN.24)
(Amersham/Searle, 1976), 55.3 mm height by 30.0mm diameter. The
single-rod geometry contains either pure americium or one of the three
different commercially-available americium oxides (AmO2,
Am2O3(alpha) and Am2O3(beta)) (Perry, 2016), surrounded by thin
layers of 9Be and stainless steel, as shown in Fig. 1. Whilst, the multi-
rod geometry contains different 241Am/241Am oxide rods inside 9Be in a
particular order (See Fig. 2). The densities of Am2O3(alpha) and
Am2O3(beta) are 11.77 and 10.57 g/cm3, respectively.

In single- and multi-rod designs, the content volumes inside the steel
housing are equal, however, according to the proposed compositions,
the core volumes and mass contents of alpha-emitting material may
vary. The characteristics of single- and multi-rod sources of different
cores are listed in Tables 1 and 2. The multi-rod source is composed of

two numbers of rods (5 and 9 rods) as shown in Figs. 2 (a) and (b),
where either 4 or 8 rods have been considered around the central rod in
a symmetrical order. All rods have height of 50.5mm and radius of
2mm, respectively. In addition, the homogeneous (α,n) source has been
simulated for better comparison.

The neutron energy spectrum of the 241Am-9Be source can be ba-
sically calculated according to following steps: (1) It is supposed that
the 241Am (or 241Am oxide) molecules are homogenously distributed
inside the core. (2) The kinetic energies of alpha particles are sampled
with the probabilities given in the decay diagram of Fig. 3. (3) It is
assumed that the alpha particles are emitted isotropically and they
move on a straight path, until they are either stopped within the 241Am
(or 241Am oxide) material and deposit all their energies or interact with
the 9Be nuclei. (4) The alpha particle energy, while interacting with
9Be, may be calculated by taking into account the energy loss of alpha
particles inside the 241Am (or 241Am oxide) material from Bethe linear
stopping power formula (Ziegler and Biersack, 1985; Tolstikhina et al.,
2018). In case of heterogeneous geometry, following the thick-target
approximation, one may assume that the neutrons are actually

Fig. 1. The schematics of single-rod 241Am-9Be source. The height×diameter
values are in cm2.

Fig. 2. The schematics of multi-rod 241Am-9Be source. (1) Steel layer, (2) 9Be,
(3) 241Am/241Am oxide core and (4) 300 μm 9Be layer. Each rod has the radius
and height of 2 and 50.5mm, respectively.

Table 1
Characteristics of different cores in single-rod geometry.

Single-Road
Geometry

Core Core Mass
(g)

Core Volume
(cm)3

Core density
(g/cm)3

Am–Be Am 344.31 25.18 13.67
AmO2-Be AmO2 294.19 25.18 11.68
Am2O3(alpha)-Be Am2O3(alpha) 296.45 25.18 11.77
Am2O3(beta)-Be Am2O3(beta) 266.23 25.18 10.57

Table 2
Characteristics of different cores in multi-rod geometry*.

Multi-Road
Geometry

Core Core
Mass (g)

Core Volume
(cm)3

Core density
(g/cm)3

Am–Be Am 78.06 5.71 13.67
AmO2-Be AmO2 66.69 5.71 11.68
Am2O3(alpha)-Be Am2O3(alpha) 67.21 5.71 11.77
Am2O3(beta)-Be Am2O3(beta) 60.35 5.71 10.57

*The values are given for each core in the assembly.

Fig. 3. The decay scheme of 241Am (L'Annunziata, 2012). The relative in-
tensities of alpha-particle and gamma-ray emissions are expressed in percent
beside the radiation energy values in MeV.
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produced in the first 300-μm layer of 9Be whose thickness is equal to
× R10 α, where Rα is the range of highest energy alpha particles (i.e.,

5.55MeV). (5) The energy of emerging neutrons is calculated using
(α,n) reactions in 9Be and 17,18O (for the cores made of only americium
oxides). (6) The neutron energy spectrum and the neutron yield outside
the neutron source assembly are determined based on neutron transport
calculations with the MCNPX code.

The simulation of a homogeneous 241Am-9Be source is performed
according to the algorithm described above. For the homogeneous
problem, the calculations of alpha particle transport, the yield and
energy spectrum of neutrons are carried out using the SOURCES4C code
(Wilson et al., 2002). However, in heterogeneous problems (i.e., two-
and three-region interface problems as shown in Fig. 4), SOURCES4C
can perform the alpha particle transport only for metallic materials and
in planar geometry. This means that for modelling cylindrical sources,
one has to independently run SOURCES4C code for Steps 4 and 5 in
order to undertake (a) alpha particle transport, (b) the emission prob-
ability calculations for alpha particles emerging from the source surface
and (c) the differential energy spectrum calculations for emitted alpha
particles. Next, the SOURCES4C in beam-problem mode must be used to
calculate the generated neutron energy spectrum in a 300-μm thick
beryllium layer. Finally, the Monte Carlo code, MCNPX2.6 (Pelowitz,
2008) in Step 6, is responsible for neutron transport calculations. It is
worth mentioning here that since the energy cut-off for the alpha par-
ticles in the MCNPX is 4MeV (See Table 4–1 of MCNPX2.6 Manual
(Pelowitz, 2008)), the full simulation cannot be performed with this
code, therefore, it is necessary to model the generation and transport of
alpha particles in a set of separate simulations with SOURCES4C or
other dedicated codes.

2.2. SOURCES4C

The SOURCES4C is a code developed to calculate the energy spec-
trum and yield for the neutrons generated via (α,n) reaction and
spontaneous fission as well as the delayed neutrons due to radionuclide
decay, whether in homogenous or in heterogeneous media (limited to
two or three interfaces) (Wilson et al., 2002). Note should be taken that
the SOURCES4C code can only accept pure elements, so one has to do
multiple runs before post-processing if a compound material (e.g.,
americium oxide) is used.

It should be noted that for the homogeneous problem, where alpha-
emitting or spontaneous fission sources are intimately mixed with the
low-Z target material, SOURCES4C calculates the neutron yield and
spectrum for any heavy metal compounds (i.e., actinides) with low-Z
target material.

For heterogeneous problems (i.e., two- or three-region interface
problems), the alpha-emitting or spontaneous fission sources can be
used as material A (See Fig. 4). For these problems, the alpha-particle
emission probability for a flat surface of a volume source (i.e., material
A of Fig. 4) may be determined by the following formula:

=P E R E( ) 1
4

( )α α (1)

where Rα= ∫ dE/ε(E) is the range of alpha particles in material A (cm)
and ε(E)=(dE/dx) is the linear stopping power (MeV/cm).

The number of alpha particles, φα, emitted from 1 cm2 of a flat
surface per second is equal to:

∫= = =φ E A P E A R E A dE ε E( ) ( ) 1
4

( ) 1
4

/ ( )α υ α υ α υ (2)

where Aυ is the volume specific activity of the alpha-emitter (α/cm3s).
The differential spectrum of alpha-particles, nα(E), leaving the flat

surface of a volume source is related to φα (E) through nα(E)= dφα (E)/
dE, viz.:

= −n E A ε E( ) 1
4

( ( ))α υ
1

(3)

The heterogeneous 241Am-9Be neutron source proposed in the pre-
sent study has a more complex structure than homogenous one (Fig. 2).
The active part of the assembly is concentrated in rods with radius and
height of 2mm and 50.2mm, respectively. It can be shown that for a
cylindrical rod with radius much less than its height (r ≪ H), Pα(E) may
be determined via the following equation (Bedenko et al., 2019):

∫
=
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2

2
2 2

2
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Thus, as discussed above, the alpha particle spectrum can be cal-
culated using nα(E)= dφα (E)/dE=AυdPα(E)/dE formula.

For the transport of alpha particles (Step 4) (i.e., finding ε(E) and R
(E)), the method introduced in (Ziegler and Biersack, 1985; Tolstikhina
et al., 2018) was used. The path of alpha as a heavy charged particle is
well-approximated with a straight line within Am (or Am oxide) region.
Next, the distance between the alpha generation point and any point of
interest, d, can be simply calculated according to the following formula:

∫= −d ε E dE( ( ))
E

E 1
i

f

(5)

where, ε(E) is the linear stopping power, Ei is the initial energy of alpha
particle at the generation point and Ef is its final energy (i.e., the alpha
particle energy after travelling distance d).

Fig. 4. General schematics of (a) two-region, and (b) three-region interface problems.
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In order to find the distance d of Eq. (5), one has to use the inverse
of the linear stopping power. Fig. 5 shows the variation of (dE/dx)−1 as
a function of alpha particle energy. As an example, the gray area is
equivalent to the distance traveled by an alpha particle with initial and
final energies of 5.486MeV (i.e., the most-probable alpha particle en-
ergy produced when 241Am undergoes α-decay) and 2MeV inside
241Am. If d is less than the distance from the alpha generation point to
9Be region, the alpha particle is absorbed in the Am content, otherwise,
the remaining energy of alpha particle is further transferred to the 9Be
layer, where (α,n) reaction calculations are undertaken.

Next, in Step 5, the alpha particle spectrum, nα(E), must be con-
verted into a format compatible with SOURCES4C code. The
SOURCES4C code, in Beam Problems mode, can calculate the neutron
yield emerging from thick targets (beryllium with a thickness of
300 μm, here in the present study) when irradiated with alpha-particles
with a given energy. Therefore, for the Beam Problems model, the
continuous spectrum, nα(E), must be converted into a energy-group
format through the following integral:

∫=
+

F n E dE( )i
E

E
α

( )
i

i 1

(6)

where, F(i) is the alpha particle fluence in the given energy interval with
the average group energy of< E> =½(Ei + Ei+1).

In Fig. 6, the SOURCES4C-MCNPX calculation results for a homo-
geneous Am–Be source are compared with other available experimental
and computational data (Kluge and Weise, 1982; Kocherov and
Schweitzer, 1994; Duke et al., 2016), whilst the neutronic character-
istics of different core types are listed in Table 3. As it can be seen,
despite the overall agreement, there are some discrepancies among il-
lustrated data. They are mainly due to the fact that the SOURCES4C
code does not take into account the anisotropy of neutron emission in
the center-of-mass system of (α,n) reaction. This problem can be gen-
erally resolved by taking into account the neutron emission anisotropy,
using dedicated codes such as NEDIS2m (Vlaskin and Khomiakov,
2017). In addition, some discrepancies can be attributed either to un-
known material compositions or geometric details (of both the main
source and encapsulations).

3. Results and discussion

3.1. Single-rod (α,n) source geometry

The single-rod design is a heterogeneous (α,n) source as shown in

Fig. 1. The energy spectrum of the neutrons produced via (α,n) reaction
can be calculated with SOURCES4C code. Following the method dis-
cussed earlier, Fig. 7 shows the calculated flux of alpha particles having
had the chance to escape the alpha source (Am content core) and
eventually enter 9Be. Figs. 8-9 show the neutron spectra in homogenous
and heterogeneous single-rod sources due to 9Be(α,n), respectively. In
homogeneous source, both the steel housing and the Am (or Am oxide)
and Be mixture contents are equal to heterogenous source.

In 241Am oxide cores, the (α,n) reaction may occur in 17,18O as well,
therefore, the so-called neutron spectrum (i.e., the neutron yield and
energy spectrum) differs from those of pure 241Am. The neutron spectra
from 17,18O(α,n) with Am oxide content for heterogeneous case is
shown in Fig. 10. The neutron energy due to this reaction extends up to
about 6MeV.

The MCNPX2.6 code has been used for calculating neutron yield and
spectrum through the transport of neutrons generated in 9Be, as well as
in 17,18O nuclei in Am oxide cores. Note should be taken that the
number of neutrons produced through spontaneous fission in 241Am
(i.e., pure americium) and (α,n) in 241AmO2 are 1.18 and 2700 per 1 g
of 241Am, respectively. This means that the probability of spontaneous
fission reaction in 241Am is a negligible value of 0.44E-3 (Perry and
Wilson, 1981).

3.2. Multi-rod (α,n) source geometry

The multi-rod design is a heterogeneous (α,n) source as shown in
Fig. 2. The multi-rod design advantage is its capability of switching off
each single rod to change source strength according to the users’ de-
mand. The energy spectrum of neutrons produced via (α,n) reaction can
be calculated with SOURCES4C code. Following the method described
earlier, Fig. 11 shows neutron spectra for the multi-rod source from
(α,n) reaction in 9Be as well as in 17,18O. In addition, in order to have a
variable neutron yield in the compact target, two configurations with 5
and 9 number of rods are proposed in Fig. 2. Each rod contains 241Am
(or americium oxide, i.e., 241AmO2, alpha- or beta-type 241Am2O3). The
rods are surrounded by 9Be to generate neutrons via (α,n) reaction and
to keep the rods at desired distance from one another. However, one
may conclude that both the thickness of 9Be layer and the radius of core
cylinder of much larger than the alpha range does not exhibit any ad-
vantage. As listed in Table 3, the neutron yields in four different source
types have been calculated.

The neutron spectra in homogenous sources made of 241Am-9Be,
241AmO2-9Be and 241Am2O3–9Be (alpha and beta) are shown in Fig. 12.
As it can be seen, the 241Am-9Be source has the highest neutron current

Fig. 5. The inverse of the linear stopping power for alpha particles inside
241Am.

Fig. 6. A comparison on different measured and simulation neutron spectra for
homogenous 241Am-9Be sources.
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Fig. 7. The distribution of alpha particle flux escaping from a thick 241Am
sample.

Fig. 8. Neutron spectra in homogenous sources due to 9Be(α,n) reaction. The
neutron energy extends up to 11MeV.

Fig. 9. Neutron spectra in heterogeneous single-rod source due to 9Be(α,n)
reaction. The neutron energy extends up to 11MeV.
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in comparison to other compounds which itself is attributed to more
241Am content but in equal volume.

The neutron spectra of heterogeneous single-rod sources including
241Am-9Be, 241AmO2 and 241Am2O3–9Be (alpha and beta) are shown in
Fig. 13. The neutron yield of 241Am-9Be is again higher than other types
which is related to its more 241Am content.

Figs. 14(a)-(d) show the spectra in multi-rod geometry sources in-
cluding 5 and 9 rods according to Fig. 2. Although the neutron yield in
multi-rod geometry sources using equal 241Am contents is less than in
homogenous ones (Table 3), the advantage of multi-rod geometry is
that the neutron yield can be adjusted as required in an application.
Figs. 14 (a)–(d) show the comparison between the neutron spectra in
multi-rod sources including 5 and 9 rods. As expected, a less number of
rods result in a less neutron yield no matter the spectra are identical.

The results of neutron transport calculations performed with the
MCNPX code surprisingly show that the neutron energies extend up to
20MeV. The production of neutrons with energies higher than about
11MeV is attributed to 241Am(n,fission) (Seeger et al., 1967), although
the corresponding fission cross section is relatively small compared to
241Am(α,n) (Belloni et al., 2013).

As listed in Table 3, the neutron yield in multi-rod geometry sources

Fig. 10. Neutron spectra due to 17,18O(α,n) in heterogeneous sources with
241Am oxide content with neutron energy extends up to 6MeV.

Fig. 11. Neutron spectra due to both 9Be(α,n) and 17,18O(α,n) reactions in
multi-rod geometry sources. The neutron energy extends up to 11MeV.

Fig. 12. Neutron spectra in homogenous sources made of 241Am-9Be,
241AmO2-9Be, 241Am2O3(alpha)-9Be and 241Am2O3(beta)-9Be.

Fig. 13. Neutron spectra in heterogenous sources made of 241Am-9Be,
241AmO2-9Be, 241Am2O3(alpha)-9Be and 241Am2O3(beta)-9Be: (a) Single-rod
geometry, (b) Multi-rod geometry (9 rods).
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is more than in single-rod sources, which is due to both the very small
range of alpha particles and much larger surface-to-volume ratio of
multi-rod compared to single-rod geometries. In the single-rod geo-
metry, the radius of 241Am core content is very large relative to the
alpha range; therefore, one may expect that the neutron yield in this
source can be optimized in a further simulation study.

Although, the neutron yield in homogenous sources is considerably
more than in the multi-rod geometry sources, but as explained earlier,
the advantage of multi-rod designs is the variable yield and easy-shut
down features.

The analyses of Figs. 8 (homogeneous americium-beryllium source),
9 (single-rod heterogeneous americium-beryllium source), 10 (single-
rod heterogeneous americium oxide source), 11 (multi-rod hetero-
geneous americium oxide-beryllium source) show that the peaks in the
spectra have characteristic shapes corresponding to americium-ber-
yllium and americium oxide-beryllium neutron sources (Wilson et al.,
2002).

4. Conclusions and suggestions for the future works

In this research, the conceptual design of a new (α,n) neutron source
(americium and americium oxides in beryllium volume) with the ability
of adjusting neutron yield was proposed. To this purpose, two different
configurations including single-rod and multi-rod sources were ex-
amined using hybrid calculations with SOURCES4C and MCNPX codes.
The proposed heterogeneous geometry including multi-rods (with a
variable number of rods) provides a neutron source with a variable
neutron yield, easy-to-shut down and easy-to-waste process features,
which facilitates the operational and safety procedures associated with
(α,n) neutron sources. For a more reliable conclusion, homogeneous
sources were also simulated. As expected, whilst the homogeneous

sources represented the largest neutron yield compared to single- and
multi-rod geometries, in the present design, the neutron yield could be
altered by varying the number of americium (or americium oxide) rods
to obtain the desired neutron yield.

The spatial distributions of neutrons surrounding the neutron source
assembly, the influence of different sizes and geometries on the neutron
yield as well as the hybrid use of different Monte Carlo codes (e.g.,
FLUKA (Ferrari et al., 2005)) with SOURCES4C to calculate the neu-
tronics features of the source and also the modelling of sources with
multi-layer capsules (e.g., steel and tantalum) are potential topics
which are being investigated by the current researchers.
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