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Neutron sources are utilized for different aims, such as studying the material’s internal structure, investigating
the materials’ crystal structures, and neutron therapy. Using more than one isotopic neutron source in some aims
could be beneficial. Herein, a neutron irradiator consisting of two 2*'Am-°Be neutron sources has been designed.
Radiation characterizations, including the neutron fluence and dose rate, were investigated. The Monte Carlo
simulation code Monte Carlo N-particle transport code version 5 (MCNP5) was used to conduct all the required
investigations to achieve an optimal design. Two factors were considered; the first was the dose rate due to both
neutron and gamma radiations to meet radiation protection requirements; MCNP5 was used to determine the
adequate thickness of the shielding material. The second parameter is the neutron fluence. Two irradiation sites
have been proposed, one for fast neutron irradiation and the other for thermal neutron irradiation. By utilizing
MCNP5, we have determined the radiation characterization at the two sites to be used as the irradiation sites.
After the optimal design had been produced, the thermal and the epithermal neutron fluences inside the two
irradiation sites were determined experimentally. The experimental results showed a perfect agreement with the
simulation ones. The neutron irradiator designed from merged two isotopic neutron sources could be a benefit in
the neutron radiation applications in the labs.

Introduction

Neutrons have played an essential role in science and engineering
since they were discovered in 1932. Neutron sources can be reactors, 14-
MeV neutron generators [1], and isotopic neutron sources [2], which
can be alpha or gamma-neutron sources; 2 Am-"Be and '2%Sb-°Be are
examples of them, respectively [2]. In isotopic neutron sources, radio-
isotopes can be used to induce neutron emission from a target low-Z
nuclide material, in which their neutrons’ binding energies are low
[2]. Also, isotopic neutron sources can be spontaneous fission sources
such as 2°2Cf [3]. Also, neutrons can be produced via a process called
spallation [4,5].

The importance of neutron sources comes being using the neutron for
different purposes [6-9]. Where neutron diffraction is used to study

other materials’ magnetic [8] and crystal structures [9]. Additionally,
neutron imaging is used as a non-destructive method to study rocks [10].
Neutron radiation is used for scientific research aims, such as irradiating
samples [11-14] and animals [15-19] and exploring the crystal struc-
ture of prepared samples [20]. Furthermore, neutrons are used in
medical applications such as boron neutron capture therapy. Addition-
ally, neutron sources are utilized in neutron activation analysis (NAA),
which mainly depends on neutrons to combine with a stable nucleus (in
the ground state), which becomes excited. This nucleus is then de-
excited by emitting gamma rays, which act as fingerprints for the acti-
vated nucleus [21]. NAA is used in various applications, such as
archaeology and environmental samples [22].

Based on the aforementioned different neutrons’ uses, neutron
sources are urgently needed. However, the reactors for those mentioned
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Table 1
Materials, their densities, and the corresponding cross-section libraries for each
element.

Material Weight Density (g. Cross-section
fraction em~3) library
Name Isotope
HDPE HS(a,p) 0.14 0.93 poly.60 t,
1001.42¢

2¢ 0.86 6012.42¢

Lead Pb 1.00 11.30 82000.42¢

Iron SFe 1.00 8.00 26056.42c

21Am-°Be  ?*'Am 0.07 1.5 95241.60c
°Be 0.93 4009.60c

applications are unavailable in most countries, and access to such fa-
cilities is not easy in other countries. On the other hand, building 14-
MeV neutron generators as the neutron source everywhere in any
country is very costly. Therefore, isotopic neutron sources are a practical
and reasonable solution to get neutrons in conventional labs. Unfortu-
nately, these isotopic neutron sources have low neutron yields; their flux
is very low compared with research reactors [23,24]. Therefore, merg-
ing more than isotopic neutron sources to build a neutron irradiator,
particularly in the research labs, could be a feasible idea.

In this study, we utilized two isotopic neutron sources to build a
neutron irradiator for experiments involving neutron radiation; this
built neutron irradiator can be used for both irradiation and activation.
We used two 2*'Am-°Be sources to achieve this goal; a chamber (irra-
diator) was designed to host them. This irradiator fulfills two re-
quirements: first, it provides an adequate shield against neutron and
gamma radiations due to both sources; second, it must facilitate the
neutron irradiation process. We used the Monte Carlo N-particle trans-
port code, version 5 (MCNP5), to achieve these two requirements in the
neutron irradiator with the optimal design. After designing the neutron
irradiator, radiation characterizations such as neutron fluences and dose
rates were measured experimentally and compared with the simulated
ones. The details of the radiation characterizations of the built irradiator
were included in the following sections.

Methodology
241 Am-°Be neutron sources

The ' Am-°Be source is an («, n) neutron source type with a half-life
of 432 years. It is widely used in many fields, such as neutron activation
analysis, calibration, scientific research, and industrial applications
[25-28]. The source strength of 1 Ci of 24 Am-%Be is 2.2x10° neutrons/
second (n.s’l) [23]. 21 Am atoms emit alpha particles, which combine
with °Be atoms forming a compound nucleus of 13C, which decays into
an exited '2C nucleus and a neutron according to the following nuclear
reaction [29]:
a+§Be—>%C*—>%C+n (€]

The 2! Am-°Be source emits neutrons with a broad spectrum of en-
ergies up to 10 MeV with an average energy of 4.5 MeV [30,31]. We used
two sources of 2*' Am-°Be to be merged as one irradiator; they were with
two radiation activities of 5 and 3 Ci; the source with the large value
activity was named source 1, and the small was named source 2.

The two 2*' Am-°Be neutron sources were modeled as cylinders of 26
and 18 mm in diameter and 54 and 46 mm in height. They were
capsulated with 4 mm of stainless steel. The 1SO-8529-1 report was
utilized for the emerging neutron spectrum of the 2*!Am-?Be neutron
source. Table 1 represents the materials, their densities, and the cross-
section libraries that were used to model the irradiator and the Am-Be
sources.
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Monte Carlo method simulation

Different Monte Carlo Method codes, such as MCNP, Geant4, and
Fluka, are used to simulate radiation transport through materials. We
used the MCNP5 code, which has powerful capabilities for simulating
radiation transport within materials. Some powerful MCNP tools were
used in this work, such as mesh tally, F4 tally type, and neutron capture
calculation within the foil gold, % Au(n,y)'%®, to compare the simulation
results with the experimental results.

The tally type (mesh) was used to calculate the average fluence and
other parameters over mesh cells in units of particles/cm?. This tally
type facilitates generating an image of flux, multiplying the fluence by
the source strength 1.76x107n.s! or other radiation parameters. Ac-
cording to the irradiation selected sites, the mesh was used to map the
neutron flux inside the irradiator.

The tally type (F4) is used to calculate the average particle (neutron,
photon... etc.) fluence in a cell. Later, many parameters can be deduced
from this fluence, such as flux and dose rate. This tally type (F4) was
used to calculate the fluence, spectrum, and dose rate of neutrons and
gamma rays in the selected irradiation sites.

For calculating the effective dose rate, the flux-to-dose conversion
factors published in ICRP 74 report were adopted. These conversion
factors are multiplied by the resultant fluences and the source strength
to generate the effective dose rate.

Radiation protection precautions

The final design of the irradiator must keep the radiation dose rate at
1 m away from the outer surface within the permissible limits that
recommended by the IAEA for occupational exposure due to all radia-
tion types. IAEA recommendation is not to exceed 20 mSv per year as
occupational exposure. Accordingly, the dose rate limit must not exceed
10 uSv/hr in case of 2000 working hours a year. Therefore, the adequate
dimensions of the material used to build up the irradiator must be
figured out first. The 24! Am-°Be source emits neutrons and gamma rays
beside alpha particles [23,29]. All alpha particles are absorbed inside
the source capsule. Consideration should be paid to the neutron and
gamma rays because of their high penetration even throughout the solid
matter.

Hydrogenous materials are commonly used to shield against fast
neutrons. High-density polyethylene (HDPE), CyH4, is a famous hy-
drogenous material utilized in neutron shielding [32]; it is a good ma-
terial for neutron shielding with a lighter weight and low cost. The
sufficient thickness of the HDPE was calculated by MCNP5 code; the
estimated thickness was enough to reduce the neutron dose rate outside
the irradiator to or less than the permissible limits.

Regarding the gamma rays emerging from the sources, the 4.4 MeV
gamma ray is the most hazardous one that must be considered. This
gamma-ray yield is about 0.6% of the neutrons yield [24,29,33]. We
used the lead (Pb) as a gamma-ray shield. Also, the appropriate thick-
ness of Pb was worked out throughout the MCNP5 simulation.

To reach the optimal dimensions, the following procedures were
conducted. The proposed initial thickness of HDPE was 25 cm which did
not fulfill the requirements, so this process was repeated several times
until that requirement was met. Also, an initial thickness of lead was
suggested to be 1 cm; each time, the effective dose rate was checked; in
case the thickness was not enough, then the thickness was increased till
the permissible limit was reached.

Neutron fluence mapping

After the optimal dimensions of the irradiator had been determined,
the next step was to find the best positions for the irradiation sites. This
work proposed two irradiation sites: one for fast neutron irradiation and
the other for thermal irradiation.

The mesh tally is one of the powerful tools in MCNP5; this tally was
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Fig. 1. (a) A cross-section view, (b) a top view of the final optimal design of the irradiator.

used to generate a map of fluence distribution for the three components
of the neutron spectrum: fast, epithermal, and thermal fluences. The
mesh tally was set to cover an area of 20 cm by 20 cm around the center
of the irradiator; the resolution of this mesh tally was adjusted to 100 by
100. After the two irradiation sites had been determined, the radiation
features, i.e., the neutron spectrum and fluence, the gamma-ray spec-
trum, and the radiation exposure due to neutron and gamma rays, were
characterized.

Radiation spectra and dose rate in irradiation sites

The F4 tally type is one of the tools in MCNP5; it was used to
calculate the neutron spectrum at both irradiation sites. The simulation
resultant for the neutron spectra revealed that the spectrum could be
divided into three regions: The first one is thermal flux, whose energies
are equal to or less than the cadmium cut-off energy of 0.55 eV; the
second is epithermal neutron flux, which is between the range of 0.55 eV
and 0.1 MeV; the third is the fast neutron flux that has energy exceeding
0.1 MeV.

Gamma-ray spectra in the irradiation sites were also calculated using
the F4 tally type. In this work, there are two components of gamma rays.
Firstly, gamma rays come directly from the 2! Am-°Be source, particu-
larly the 4.44 MeV that comes from the first excited state of '2C. Sec-
ondly, gamma rays emerge due to the interaction between neutrons and
irradiator materials (prompt gamma). An example is 2.22 MeV, which is
attributable to thermal neutron capture by hydrogen.

NAa

Although NAA has become an indispensable analysis tool in many
fields because of its sensitivity and accuracy in determining tracer
chemical elements in samples, it is an essential application for esti-
mating the thermal and epithermal flux in irradiation facilities [34-36].
In NAA, foils are utilized for radiation characterizations, such as flux
determination, spectral measurement, and dosimetry. For instance, el-
ements such as gold, indium, aluminum, and scandium are used as
neutron activation foils [36-38]. Bare and cadmium-covered gold foils
in this work were utilized to estimate the thermal and epithermal flux.
The bare and cadmium-covered gold foils (10 mm in diameter and 0.1
mm thick) were inserted into the neutron beam path; then, the flux was
determined by measuring the delayed emitted gamma rays (411 keV)
due to the reaction °’Au(n,y)!°®Au. Where hundreds of gamma rays
emerge due to the '*7Au(n,y)!°®Au reaction, these gamma rays are

prompt, but three are delayed with a half-life of 2.7 days; these three are
411.8, 675.884, and 1,087.684 keV with cross-sections of 94.3, 0.793,
and 0.157Db, respectively [39].

The thermal (orp) and epithermal (ogp;) capture of 197 Au(n, y)lgBAu
reaction average microscopic cross-sections were calculated in both
irradiation sites using the below formula:

Yiei0(E)p(E)
E?:]@(Ei)

where 6(E;) is the microscopic cross-section of radiative capture of
the neutron with energy group i by the nucleus °’Au; @(E;) is the
neutron flux spectrum with energy group i obtained in the irradiation
site. Both the microscopic cross-section of radiative capture and the
neutron spectrum in the irradiation sites were divided into several same
groups to facilitate the use of Eq. (2), By setting Epni, = 0 and Epax =
0.55 eV for the thermal part and Ep;, = 0.55 eV and Epax = 0.1 MeV for
the epithermal part of the neutron spectrum. It was found that the oy, =
83.7 and ogp; = 25.3 barns.

(2)

c =

Estimation of the neutron flux

After the activities of both the bare and the covered gold foils were
obtained in the previous step, both flux components, thermal and epi-
thermal, were estimated using the following equations [40]:

ApoFoqe™
— cd? 3
P E'I’hNG'l'h(l - eihl) ( )
where Fq = %; Ry = ’ZCLZ'
A
Py == 1T 4

EEpiNGEpi(l — 67;‘”)

Where Ay, and A4 are the bare and covered gold foil activity,
respectively. o, and ogp; are the thermal and epithermal neutrons av-
erages capture cross-sections, respectively. N is the total atoms of 1%’ Au
in the gold foil; A is the decay constant of 198Aw; t1 and ty represent the
irradiation time and time from withdrawing the foil from the irradiation
facility to putting it on the high purity germanium (HPGe) detector. Gy,
and Gy, are the self-shielding of thermal and epithermal neutrons,
respectively. They were estimated according to the following equations
[41]:
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Fig. 2. Radiation dose rate on the outer surface of the irradiator. (a) neutron dose rate, (b) gamma dose rate (4.4 MeV), (c) prompt gamma dose rate, and (d) the total

dose rate.
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here, Npy is Avogadro’s number; r and h are the radii and the height
of the sample (gold foil), respectively; A is the atomic number; kyy, and
kgpi are the thermal and epithermal self-shielding constants, respec-
tively; m is the mass of the foil in grams.

Experimental measurements

Bare gold foils were put in the irradiation sites 1 and 2 for 24 h. In
this procedure, some of the gold nuclei would be activated by either
thermal or epithermal neutrons. Then, they were taken to the gamma
spectroscopy lab, where their 411 keV gamma-ray activities were
measured using an HPGe detector with the 767 system shield (front
opening split-top lead shield) (Canberra, UK); the HPGe detector is
irreplaceable in nuclear radiation characterization and measurements.

The same procedures were conducted on gold foils covered with
cadmium of 1 mm in thickness to shield against thermal neutrons. Here,
the gold nuclei would only be activated by epithermal neutrons. After
24 h, these foils were transferred to the HPGe detector to measure their
411 keV gamma-ray activities. Depending on the measured activities
and their subtraction, the thermal and epithermal fluxes were calculated
using Egs. (3) and (4).

Results and discussion
Radiation protection

A cylindrical irradiator shape was suggested. Two factors were under
consideration: 1) as low radiation dose rate possible on the outer surface
of the irradiator due to neutron and gamma rays. 2) the irradiator weight
must be reasonable. Several MCNP5 simulation trials were conducted to
reach the optimal dimensions of the irradiator. Fig. 1a and b show the
irradiator’s cross-section and top views, respectively. Three components
of radiation contribute to radiation hazards: neutrons, gamma-rays
(4.44 MeV), and prompt gamma-rays that emerge from neutron inter-
action with the irradiator materials. It was found that the height (H) is
90 c¢m, and the diameter (D) is 90 cm. The dose rates due to radiation on
the outer surface of the irradiator were calculated using the cylindrical
mesh tally. The irradiator in these dimensions could serve as a good
shield against radiation. The total dose rate at 1 m from the outer surface
was calculated to be 1.39 pSv/hr from neurons (0.48 pSv/hr), gamma
rays at 4.4 MeV (0.31 pSv/hr), and prompt gamma rays (60 pSv/hr).

Fig. 2 shows the irradiator’s dose rate on the surface due to the three
components of radiation mentioned above. Fig. 2a — ¢ show the irradi-
ator’s dose rate from the neutrons dose, gamma (4.4 MeV), and prompt
gamma, respectively. While Fig. 2d presents the total dose rate, which is
24 pSv/hr at the 0° direction (source 1, large source); it is 15.25 pSv/hr
at 180° direction (source 2, small source). At 90° and 270° directions,
the dose rate was less than 15 pSv/hr. It can be found that the neutrons
contributed is more than 50% at 0° direction relative to source 1, while
the contribution due to gamma-rays (4.4 MeV) and prompt gamma-rays
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Fig. 3. Neutron fluence (neutron per cm? per) inside the irradiator as a function of angle. (a) view of the considered area inside the irradiator 20 cm by 20 cm, (b) fast
neutron fluence distribution, (c) epithermal neutron fluence distribution, and (d) thermal neutron fluence distribution.
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Fig. 4. (a) The ratio of thermal fluence to epithermal fluence and (b) the ratio of thermal fluence to fast fluence.

16% and 33%, respectively.

Neutron fluence mapping

Positioning the irradiation sites inside the irradiator required an
image of the neutron fluence distribution. Fig. 3a represents the area
under consideration; it was 20 cm by 20 cm at the center of the irradi-
ator. The distribution of the fast neutron fluence is shown in Fig. 3b; at
the same time, the epithermal fluence is presented in Fig. 3c, and the
thermal fluence is illustrated in Fig. 3d. From these figures, one can
recognize that the optimal position for getting the highest neutron

fluence of thermal and fast neutrons is the center between the two
sources. Accordingly, the first irradiation site has been chosen at the

center (site 1).

Fig. 4a shows the thermal-to-fast ratio; thermal fluence is over-
whelming the fast one, obviously everywhere outside the lead cylinder.
The epithermal fluence is overwhelmed by the thermal fluence every-
where (Fig. 4b). Therefore, irradiation site 2 should be positioned either
90° or 270° right outside the lead cylinder; site 2 was chosen, where the
thermal fluence overwhelms the fast fluence. In site 1, which is at the
irradiator’s center, the thermal fluence percentage was found to be less

than 50% of the total fluence.
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Fig. 6. Gamma-rays spectrum at irradiation sites.

Neutron spectrum and flux at the irradiation sites

After the two irradiation sites were determined, as presented in
Fig. 5a, the neutron spectrum and flux were determined. Fig. 5b shows
the neutron spectra in sites 1 (black line curve) and 2 (red line curve).
Since the site 1 position is near the sources, the neutron flux in site 1 is
almost 7 times that in site 2. From Fig. 5b, in sit 1, it can be seen that the
thermal flux is 9.24x10%n.cm™2.s™}; this value represents around 49%
of the total flux in site 1. At the same time, it is 1.97x10%*n.cm~2s ! in
site 2, representing nearly 73% of the total flux in site 2. Besides, in site
1, the fast neutron flux is 6.32x10*n.cm 2.5}, representing nearly 34%;
in the site 2, it is 4.12x10%n.cm 257}, representing around 16%. Also,
The epithermal flux is 3.25x10*n.cm 257! (17%) and 3.09x10°n.

ecm 257! (11%) in sites 1 and 2, respectively.

Gamma-ray spectra at irradiation sites

The gamma-ray spectra in irradiation sites 1 (black line curve) and 2
(red line curve) are presented in Fig. 6. There are three peaks, which are
the most intense peaks over the spectrum, namely, 4.44 MeV that comes
directly from the two 2*!Am-°Be sources; 2.2 MeV that emerges due to
the reaction 1H(n,y)2H (prompt gamma); and 0.511 MeV due to positron

Table 2

The calculated radiation dose rate in units of mSv/hr for both irradiation sites.
Site Neutrons Prompt gamma Gamma (4.4 MeV) Total
1 92.81 0.73 2.14 95.68
2 6.62 0.02 0.01 6.65

annihilation. The other peaks emerge due to the inelastic interaction
between fast neutrons and iron (Neutron sources capsules were simu-
lated as stainless steel) and the lead nuclei (lead shield).

Radiation exposure at irradiation sites

Table 2 summarizes the delivered dose rate in the irradiation sites;
the dose rate in site 1 delivered due to neutrons contributes 92.81 mSv/
hr, representing ~97%; gamma-rays (4.44 MeV) deliver 2.14 mSv/hr,
representing almost 2%; and prompt gamma rays contribute 0.73 mSv/
hr (1%). At the same time, the dose rate due to neutrons in site 2 is 6.65
mSv/hr, which is more than 99%; less than 1% due to both gamma rays
(4.44 MeV) (0.01 mSv/hr) and prompt gamma (0.02 mSv/hr).

Experimental estimation of neutron flux in irradiation sites

After the simulations were performed, the irradiator was designed
accordingly. Fig. 7 shows photograph images of the designed irradiator
from the side and top views (Fig. 7a and b). It can be seen that the en-
trances of the two sites were taken into consideration during the simu-
lation calculations; these two sites can be used for irradiating the
samples.

Using 197Au 411 keV gamma-ray, both thermal and epithermal
neutron fluxes in irradiation sites were determined through simulation;
the simulation neutron fluxes results, besides the 411 keV activity, are
presented in Table 3. Additionally, they were determined experimen-
tally; the experimental results also were listed in the table. The '*’Au
411 keV gamma-ray activities were measured using the HPGe detector
shown in Fig. 8.

The experimentally estimated thermal neutron flux ¢y, in irradiation
site 1 is 8.93x10*n.cm 257! and 1.86x10*n.cm 257! in irradiation site
2. The experimentally estimated epithermal neutron flux in irradiation
site 1 was determined as 3.44x10*n.cm 257! and 3.37x10%n.cm 2571
in irradiation site 2. As shown in Table 3, the differences between the
simulation and the experiment results of thermal neutron fluxes in sites
1 and 2 were 3% and 6%, respectively. At the same time, the differences
between the simulation and experiment results of epithermal neutron
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Fig. 7. Photograph images of the designed irradiator. Images (a) and (b) show the side and top views, respectively; the arrows point to the entrances of sites 1 and 2.

Table 3
Simulated and measured gamma-ray 411 keV activity and neutron flux at the irradiation sites 1 and 2.
Parameters @ (n.cm™2s71) @pi (n.em™2s71) Activity (Bq)
Site 1 Site 2 Site 1 Site 2 Site 1 Site 2
Bare foil Foil + Cd Bare foil Foil + Cd
Simulated 9.24x10* 1.97x10* 3.25x10* 3.09x10° 798+2% 90-+£2% 164£2% 10+2%
Measured 8.93x10* 1.86x10* 3.44x10* 3.37x10° 763+28 92+9% 153+12 9+3
Simulated/measured 1.03 1.06 0.94 0.92 1.05 0.98 1.07 1.11

Fig. 8. HPGe detector system. (a) a detector shielding closed (b) open shield.

fluxes in sites 1 and 2 are 6% and 8%, respectively. Generally, simulation
and measurement fluxes are in excellent agreement, as found in the ratio
of simulation/measured, which is listed in Table 3.

Conclusion

This work presented the stages of the design and the characterization
of the two >*'Am-°Be neutron sources irradiation facilities in the labs.
The MCNP capabilities were utilized to process through all the stages.
According to the simulation results, this facility has 1.88x10°n.cm 2.

s~!in irradiation site 1, 49% is thermal, and 34% is fast neutrons. In

irradiation site 2, the total flux is 2.69x10*n.cm 2.5}, where 73%
thermal neutrons and 16% fast neutrons only. Experimental estimation
of the thermal neutron flux was conducted to investigate the accuracy of
simulation calculations; the thermal neutron flux in irradiation sites 1
and 2 is 8.93x10*n.cm 257! and 1.86x10*n.cm™2, respectively. The
simulation and experimental results have shown excellent agreement in
both irradiation sites. The finding of this study is that two 2*'Am-°Be
neutron sources could be merged as one neutron source for applications
in the labs.
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