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A B S T R A C T

Laboratory measurements and Monte Carlo simulations were conducted to investigate the feasibility of 
employing a (reflector/shield) to improve the efficiency of a thermal neutron irradiator utilizing a paraffin- 
moderated single 241Am-Be source with an activity of 1 Ci. A multi-parameter optimization was performed to 
evaluate the potential of natural lead (Pb) and 90 % enriched 208Pb lead (208Pb(90 %)) in terms of increasing the 
neutron production while minimizing the total dose equivalent rate. The laboratory-derived optimal configu
ration for the (reflector/shield) assembly demonstrated that Pb significantly increased the neutron flux by 
approximately 58 % and reduced the total dose equivalent rate to 0.00443 mSv/h, thereby allowing for a 
workload of 4500 h within the annual permissible dose limit of 20 mSv. The MCNP simulations validated the 
potentials of Pb and confirmed the superiority of 208Pb(90 %) in terms of increasing neutron flux to about 26 % 
compared to that measured for Pb, while also minimizing the total dose equivalent rate to 0.0037 mSv/h. Thus, 
enabling a workload of approximately 5400 h, which is higher by about 20 % compared to that permitted by Pb 
based on measurements. The geometrical configuration and results promoted the use of the proposed TNI device 
primarily for prompt gamma neutron activation analysis (PGNAA).

1. Introduction

Thermal Neutron irradiation (TNI) devices are systems combining 
moderating and shielding materials with neutron sources to get appro
priate neutron flux for various irradiation activities ranging from labo
ratory studies to medical and industrial applications [1–4]. To generate 
the desired thermal neutron flux, typical fast neutron beams are ther
malized by designing an effective beam-shaping assembly (BSA) with an 
effective moderator that must be designed and configured between the 
neutron source and the test point [3–6].

Neutron sources include nuclear reactors, neutron generators, and 
isotope sources [7]. Among these, nuclear reactors and neutron gener
ators are capable of delivering significantly higher neutron fluxes than 
isotopic sources [7,8]. Nevertheless, the cost of construction and oper
ation of reactors or neutron generators [9], coupled with the short 
operating lifetime of neutron generators [8], are the main factors 
limiting their use for in situ and online analysis when compared to the 
more commonly used isotopic neutron sources such as 241Am-Be and 
252Cf [10]. The advantages of these isotopes include their reliable 
neutron flux, small size, and long half-life [9,11,12]. Moreover, isotopic 

sources do not necessitate a high-voltage terminal and are of lower cost 
when compared with research reactors or neutron generators. Conse
quently, isotopic sources are frequently regarded as viable alternatives 
for the development of (TNI) facilities, which can be readily integrated 
into laboratories that do not possess an onsite nuclear reactor or neutron 
generator, and can be conveniently stored and/or transported between 
different locations [2,4,13–15].

In this work, 241Am-Be is preferred due to its exceptionally stable flux 
realized by the long half-life of the 241Am nuclide (432.2 years) 
compared to that of the 252Cf source (2.645 years) [16]. Furthermore, 
the 241Am-Be source produces neutrons over an energy range of about 
(4.14 × 10− 7 -11) MeV with an average energy of approximately 4.5 
MeV [9,17], while the neutron energy spectrum of 252Cf covers a shorter 
energy range from about (0.1–6) MeV with lower average neutron en
ergy of about 2.14 MeV [2,8]. Based on these properties of the neutron 
beam, the 241Am-Be source has long been moderated by paraffin [18], 
polyethylene [19], or water [12] and employed in the development of 
TNI facilities that were characterized to meet the requirements of 
different applications including PGNAA [20], detection of hydrogen in 
samples [21], detector testing and calibration [19], production of 
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radio-elements with short half-lives [12], and neutron shielding per
formance test [22].

The primary drawback of the 241Am-Be source is its low neutron 
emission (about 2.2 × 106 n s− 1 Ci− 1) [23], which is obviously several 
orders of magnitude lower than what can be achieved by nuclear re
actors [24] or neutron generators [8]. Therefore, TNI devices based on 
a241Am-Be source can be effectively used in Prompt Gamma Neutron 
Activation Analysis (PGNAA) to identify light elements present in bulk 
samples [25,26]. However, the low thermal neutron flux generated 
limits the determination of elements present in samples at trace levels to 
a small number of elements with a sufficiently large cross section [9].

To address such problem, several experimental set-ups and MCNP 
theoretical models of 241Am-Be-based TNI facilities have been config
ured using multi-source assemblies [9,11,12,15,27]. This approach can 
increase the total source intensity and consequently maximize the 
thermal neutron flux at the test point. In this context, Kotb et al. in 
Ref. [9] have explored the feasibility of using six identical 5 Ci 241Am-Be 
sources of 30 Ci total activity and (6.6 × 107 n.s− 1) total neutron in
tensity. In addition, Didi et al. in Ref. [12] have reported the perfor
mance of five identical 20 Ci 241Am-Be sources with total activity of 100 
Ci and (2.2 × 108 n s− 1) total neutron intensity. The results in terms of 
irradiation performance for the two proposed multi-source TNI assem
blies confirmed that the average thermal neutron flux at the test point 
has increased as the total activity increased, which is an indication of 
increase in the total neutron intensity of the source assembly.

However, the 241Am-Be source is associated with a significant 
gamma-ray hazard from the 4.438 MeV γ-rays released by the 9Be(α, 
n)12C reaction that drives the 241Am-Be source [28]. To evaluate the 
4.438 MeV gamma emission for a TNI facility with multiple 241Am-Be 
sources, one can refer to the ratio of 4.438 MeV gamma to neutron 
emission (R=Sγ/Sn) for a single 241Am-Be source, which was measured 
as (R = 0.575 ± 4.8 %) as reported in Ref. [29]. Applying the average 
value (R = 0.575) together with the neutron emission of about (2.2 ×
106 n.s− 1.Ci− 1) for a single 1 Ci 241Am-Be source, the 4.438 MeV gamma 
emission (Sγ = R × Sn) can be calculated to be about (1.265 × 106 

photon.s− 1.Ci− 1). Consequently, the total 4.438 MeV gamma emission 
can be calculated to be about (3.795 × 107 photon.s− 1) and (1.265 × 108 

photon.s− 1) for the multi-source geometrical models proposed in 
Ref. [9] (30 Ci) and [12] (100 Ci), respectively. It can be concluded that 
the use of a large amount of radioactive material in a multi-source fa
cility leads to significant emissions of 4.438 MeV gamma rays. These 
emissions contribute to the total dose equivalent rate and thus charac
terize the optimal operating parameters for the TNI device in accordance 
with the requirements of the permissible annual dose limit (20 mSv) 
[30].

In view of such technical challenges, this work investigates the 
feasibility of using an effective reflecting material around a single 
241Am-Be source as an alternative approach to increase the source in
tensity. This is achieved by reflecting back neutrons scattered away from 
the moderator upon streaming from the 241Am-Be source. This approach 
reduces the need for large number of 241Am-Be sources and can there
fore enrich the neutron flux at the test point with reduced 4.348 MeV 
gamma emissions and at affordable operating cost compared with multi- 
source TNI devices. Furthermore, If the reflecting material is properly 
selected considering its neutron reflecting and gamma shielding capa
bilities, it can serve as a dual-purpose (reflector/shield). The dual 
functionality can effectively minimize the total dose equivalent rate by 
shielding the 4.438 MeV γ-rays emitted from the 241Am-Be source, thus 
reducing the need of heavy shielding requirements necessary for multi- 
source TNI facilities.

A good neutron reflector is characterized primarily by large elastic 
scattering cross sections and low thermal neutron absorption cross sec
tions [31]. In order to identify an effective method for selecting the 
optimal reflector, this work introduces neutron reflectivity (Rn) as a 
measurable parameter that evaluates a material’s capability to reflect 
neutrons. This neutron reflectivity is defined by the ratio of elastic cross 

section to capture cross section: Rn = (Elastic/Capture). The higher the 
value of Rn for a material, the greater is its neutron reflecting potentials.

Among several materials, this work compares beryllium (Be) and 
carbon (C) as elements with low density and low Z-number with lead 
(Pb) and tungsten (W) as elements with higher density and higher Z- 
number. To select the most suitable reflector, Rn value for each element 
was calculated (i) at thermal neutron energy (0.0253 eV) and (ii) over 
the fission spectrum (10− 11 - 20 MeV) [32]. The cross section data were 
taken from Ref. [32] and presented together with the Rn values in 
Table 1. As shown in Table 1, the results indicate that the Rn values at 
(0.025 eV) reach a maximum for C (1280) before exhibiting a decline in 
the following order: Be (766), Pb (74), and W (0.275). This trend can be 
attributed to the increasing values of the capture cross section. In the 
context of the fission spectrum, the data shows a peak for Be (2071981) 
and then follows a similar descending trend as observed at (0.025eV) 
with C at (102661), Pb at (2348), and W at (92). Notably, the data 
suggests that lead demonstrates a superior performance compared to 
tungsten, as evidenced by its higher Rn values at both 0.025 eV and 
across the fission spectrum.

Based on these facts, beryllium (Be) [2,33] and graphite (C) [34,35] 
have been widely used as neutron reflectors and have excellent reflec
tive capabilities. Furthermore, results reported in Refs. [36,37] for (Pb) 
and in Refs. [38,39] for tungsten (W) alloys have shown that both ma
terials also exhibit effective neutron reflection capabilities. Meanwhile, 
the higher density and atomic number (Z) of Pb (11.34 g cm− 3/82) and 
W (19 g cm− 3/74) in comparison to Be (1.85 g cm− 3/4) and C (2.26 g 
cm− 3/6) make them suitable alternatives when reflectors with high 
gamma shielding efficiency are required. This is primarily due to the fact 
that among the various photon interaction mechanisms, low-energy 
photons are more effectively absorbed by materials with larger atomic 
numbers and greater density [40]. However, while the ability of these 
materials to shield the 4.438 MeV γ-ray emissions associated with the 
241Am-Be source is significant, the selection of the most suitable 
reflector for this work was also determined by its cost. In this regard, 
despite the higher density of tungsten (19 g cm− 3) relative to lead 
(11.34 g cm− 3), lead is favored as a shielding material due to its lower 
cost and higher atomic number (82) compared to tungsten (74) [4].

On the basis of such considerations, a Pb (reflector/shield) assembly 
was configured around a single 241Am-Be source and integrated into a 
laboratory-optimized (241Am-Be)-paraffin TNI facility. The feasibility of 
the proposed (reflector/shield) was evaluated in terms of improving the 
neutron production rate in the optimized TNI facility and shielding the 
4.438 MeV γ-ray emissions accompanying the 241Am-Be source, thereby 
reducing the total dose equivalent rate for the operator and surrounding 
environment.

At this point, it is worth mentioning that paraffin was preferred over 
polyethylene and water according to the analysis of experimental and 
MCNP data reported in Refs. [12,41]. In contrast to the MCNP results, 
the measurements in Ref. [41] showed that paraffin has achieved a more 
intense moderation effect than polyethylene due to its porosity and has 
been cited as a better material for neutron shielding. This work uses the 
inhomogeneous formation of paraffin as a property that enhances the 
scattering effect, so that fast neutrons could be slowed down over short 
distances and with few collisions in the moderator [41]. Eventually, this 
can reduce the volume of the moderator assembly required to achieve 
higher thermal neutron flux at the test point. On the other hand, the 
analysis of measurements and MCNP simulations reported in Ref. [12], 
inferred that paraffin as a moderating material is superior to water, 
producing a greater thermal neutron flux. In addition, the selection of 
paraffin was also due to its compatibility with other materials usually 
used in paraffin moderated TNI devices and that it satisfies their struc
tural requirements [12,15].

However, paraffin generates additional gamma background because 
fast neutrons can be thermalized to a sufficiently low neutron energy at 
which they can be easily captured by hydrogen in the paraffin through 
the 1H(n,γ)2H reaction with a cross section of about (0.3327 b), releasing 
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the characteristic 2.223 MeV prompt γ-rays [20]. Such background γ-ray 
sources also contribute to the total dose equivalent rate and limit the 
operational lifetime of a TNI device. In view of these prospects, a 
shielding layer of lead is introduced around the paraffin moderator in 
this work. In addition to gamma shielding potentials, the lead layer can 
reduce the neutron losses due to leakage from the moderator and help to 
collimate neutrons towards the test point.

The laboratory measurements were followed by Monte-Carlo simu
lations with MCNP5 [42]. The purpose of these simulations was to 
model and investigate the effectiveness of the proposed Pb (reflector/
shield) in terms of maximizing the neutron flux rates produced by the 
optimized TNI device model while minimizing the total dose equivalent 
rate. The MCNP results for Pb were compared with the corresponding 
measurement data to predict the possible systematic errors so that they 
can be considered in future applications. On the other hand, additional 
MCNP simulations were performed to evaluate the performance of 
208Pb(90 %) as a feasible alternative to Pb. This is done by analyzing and 
comparing the MCNP results for the two materials.

2. Experimental measurements

2.1. Geometrical configuration

The geometrical design consists of 241Am-Be source enclosed in a 
lead (reflector/shield) and employed in single 241Am-Be-based device 
for TNI activities. The 241Am-Be fast neutrons were moderated in a lead- 
shielded paraffin and the (reflector/shield) was optimized to improve 
the neutron production of the proposed device. The produced neutron 
flux was measured by a 3He detector enclosed in an external irradiation 
cavity which was partially shielded by lead. A photograph for the 

optimal experimental set-up with partially shielded irradiation cavity 
and the schematic representation of the internal configuration are 
shown in Fig. 1(a and b).

2.1.1. Neutron source
The 241Am-Be source used in this research was a compact combina

tion of finely powdered AmO2/Be with a density of 1.3 g cm− 3. This 
mixture was doubly enclosed in a cylindrical stainless-steel capsule, 
designed mainly to prevent the leakage of radioactive material and in
crease the durability of the source. The outer dimensions of the capsule 
were 5 cm length and 3 cm diameter. The total activity of the 241Am-Be 
source was 1 Ci with an intensity of about (2.2 × 106 n.s− 1) [43]. When 
the source was not in use, it was stored in a lead-shielded container filled 
with paraffin wax. This serves to absorb the possibly escaping ther
malized neutrons and shield the potential gamma emissions, primarily 
the 4.438 MeV γ-rays that accompany the 241Am-Be source. During 
irradiation, the source was fitted in a source holder and actively moved 
from the storage facility to the experimental site where the TNI device 
was configured. The source was then precisely inserted at the irradiation 
position of the proposed (reflector/shield) assembly. The TNI device was 
configured on a laboratory bench 100 cm horizontally from the storage 
facility and 115 cm above the laboratory floor.

2.1.2. (Reflector/shield)
The 241Am-Be source was inserted into a cylindrical cavity with a 

diameter of 3.5 cm and a length of 9 cm, which was drilled around the 
central x-axis of a rectangular lead structure measuring 30 cm length, 9 
cm width and 25 cm height. In order to direct the neutrons from the 
source and enhance their flow towards the irradiation cavity, the source 
was positioned on the x-axis with the head of the source at 4 cm away 

Table 1 
Cross section data and Reflectivity (Rn) values for Be, C, and natural Pb.

Reaction Cross sections (barns)

Thermal energy (0.0253eV) Fission spectrum (average)

C Be Pb W Be C Pb W

(n, elastic) 4.942 6.503 11.33 4.988 2.677 2.353 5.624 4.406
(n, γ) 3.86 × 10− 3 8.49 × 10− 3 153.4 × 10− 3 18150 × 10− 3 0.001292 × 10− 3 0.02292 × 10− 3 2.395 × 10− 3 47.64 × 10− 3

Reflectivity (R), rounded off 1280 766 74 0.275 2071981 102661 2348 92

Fig. 1 (a). A photograph for the optimal experimental set-up.
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from the moderator entrance port. The dimensions of the lead assembly 
containing the source were kept constant, while the length of its 
extension behind the source was varied and referred to as the (reflector/ 
shield) thickness in the laboratory measurements and MCNP simula
tions. It is important to note that the lead assembly consists of Pb bricks 
with dimensions of 30 cm length, 10 cm width and 5 cm thickness.

2.1.3. Moderator
Paraffin with density (0.93 g cm− 3) was selected as the fast neutron 

moderator for the current measurements. The moderator assembly was 
configured as rectangular volume consisted of paraffin slabs, each 
measuring 30 cm in length, 10 cm in width, and 3 cm in thickness. A 
layer of lead, 5 cm thick at the bottom and sides, and 10 cm thick on top, 
was used to partially shield the moderator assembly, leaving the entry 
and exit ports unshielded.

2.1.4. Thermal neutron detector
The 3He proportional counter LND.INC-252, with an effective length 

of 20.3 cm and diameter of 2.5 cm, was utilized as the detector in this 
study. In comparison to other thermal neutron detectors like 10BF3 and 
6Li, the thermal neutron absorption cross section for the 3He(n,p)3H 
reaction (5330 b) is higher than that of 10B(n,α)7Li (3840 b) and 6Li(n, 
α)3H (940.983 b) by factors of about 1.4 and 5.7, respectively [8,44].

This difference in cross sections results in a higher efficiency of 3He 
detectors when compared to 10BF3 and 6Li detectors. Therefore, the se
lection of a 3He detector is a reasonable choice for the current 241Am-Be- 
based TNI. The 3He detector was positioned on the central z-axis of a 
rectangular irradiation cavity of dimensions 25 cm width, 30 cm length, 
and 10 cm height, with its effective length perpendicular to the direction 
of the neutrons coming from the moderator. It should be noted that the 
irradiation cavity was shielded with a 5 cm thick (Pb) layer, primarily to 
reflect back the neutrons entering the cavity and scattered away from 
the 3He detector. On the other hand, it is important to emphasize that 
the measurements were performed with an acquisition time of 300s per 
control.

3. Experimental results

3.1. Moderator optimization

The measurements were started at a (reflector/shield) thickness of 0 
cm. The 3He counts (I) were then measured while the 241Am-Be source 
remained in position, and the paraffin thickness was incrementally 
increased in 3 cm intervals within the range of (0–15) cm. To determine 
the net counts at each thickness interval, the neutron background counts 
(Io) were measured without 241Am-Be source in place and subsequently 
subtracted from (I). The signals generated by the 3He detector were 

processed through an amplifier-discriminator unit, with the filtered 
pulse height being transmitted to a multi-channel analyzer connected to 
a desktop computer.

The results were analyzed in terms of changes in the net counts (I-Io) 
as a function of paraffin thickness and presented in Fig. 2. It is important 
to note that only superimposed curves representing the best fit to the 
data were presented during both laboratory measurements and MCNP 
calculations. As shown in Fig. 2, the 3He counts increase with the 
moderator thickness from (0–6), peaking at approximately (1.11 × 105 

counts.s− 1) at a thickness of 6 cm.
This increase is primarily due to the energy loss of neutrons through 

elastic collisions with hydrogen atoms present in the paraffin. However, 
as the thickness further increases from (9–15) c m, the net counts 
decrease due to the absorption of thermalized neutrons in the expanding 
volume of the moderator through the 1H(n,γ)2H reaction. Thus, a 
thickness of 6 cm was determined to be the optimal moderator thickness.

3.2. Reflector optimization

The moderator thickness was set to (6 cm) and the corresponding 
highest counts (1.11 × 105 counts.s− 1) were given the symbol (Imod) and 
maximized by increasing the (reflector/shield) thickness in increments 
of 5 cm over a range of (0–25) cm. The background-subtracted 3He 
counts were recorded at each thickness increase and labeled with the 
symbol (I(ref/shi)). The results were analyzed in terms of the variations of 
net counts [I(ref/shi)-Imod] with the thickness of the (reflector/shield) and 
plotted in Fig. 3. As can be seen in Fig. 3, the net counts increase rapidly 
with increasing thickness in the range of (0–10 cm), which can be 

Fig. 1 (b). Schematic representation of the internal device configuration.

Fig. 2. Measured (I-Io) counts as a function of moderator thickness.
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attributed to the increase in I(ref/shi) counts within this thickness range. 
However, a stepwise increase in net counts was observed at further 
thickness increments of (15–25 cm), with the highest counts (1.76 × 105 

counts.s− 1) measured at 25 cm, which was considered to be the optimal 
thickness.

This trend can be attributed to the decrease in I(ref/shi) signals with 
increasing thickness. On the one hand, this could be explained by the 
fact that lead is a competitive neutron shielding material [45]. Given the 
steps of the ideal shielding process described in Ref. [45], the fast 
neutrons are rapidly reduced in energy by inelastic scattering processes, 
then decelerated into thermal neutrons by several elastic scattering 
processes, and finally absorbed into Pb by (n,γ) capture reactions. On the 
other hand, the moderated neutrons, which may have been scattered 
back into the paraffin moderator as I(ref/shi) signals, are further slowed 
down enough to be captured by the 1H(n,γ)2H reactions before reaching 
the 3He detector.

At this point, the optimal (reflector/shield) dimensions were set at 
34 cm in length, 30 cm in width and 25 in height. As a result, the 
physical dimensions of the (241Am-Be)-paraffin configuration (excluding 
the irradiation cavity) were determined to be 40 cm in length, 30 cm in 
width and 25 in height. The results showed that the proposed (reflector/ 
shield) configuration effectively increased the 3He counts measured for 
Imod (1.11 × 105 counts.s− 1) by about 58 %.

On the other hand, the results indicated that when the proposed TNI 
device is considered as a thermal neutron probe for PGNAA, the sample 
at the test point could receive about 8 % of the neutron source intensity 
(2.2 × 106 n.s− 1) compared to about 5 % produced without the use of the 
proposed (reflector/shield).

The cost analysis indicated that the weight of the lead (Pb) used for 
the (reflector/shield) configuration was approximately 288.2 kg, 
excluding the air-filled cylindrical cavity that houses the source. Addi
tionally, the weight of the lead that shields the paraffin moderator was 
estimated to be around 37.4 kg. Given that the price of lead is set at 2 
USD per kilogram, the total cost for the lead material (325.6 Kg) was 
calculated to be 651.2 USD. Conversely, the weight of the paraffin was 
determined to be about 1.67 kg, and with a price of 1.66 USD per ki
logram, the expense for the paraffin was around 2.8 USD. Consequently, 
the combined material costs totaled 654 USD. Considering these mate
rial prices, the overall estimated cost for the proposed (241Am-Be)- 
paraffin test system (excluding the costs of the lead that shields the 
irradiation cavity and the 3He detector contained within it), was pro
jected to range between 10654 and 20654 USD, contingent upon the 
estimated price for a 1 Ci 241Am-Be source.

3.3. Measurement of dose equivalent rates

The total gamma dose equivalent rate (Dγ(T)) including the doses 
resulted from the γ-ray emissions produced by the (n,γ) reactions within 
the moderator and (reflector/shield) assembly, as well as the primary 
γ-rays from the 241Am-Be source, was measured at a distance of 100 cm 
from the (241Am-Be)-paraffin assembly while varying the thickness of 
the (reflector/shield) by 5 cm increments over a range of 0–25 cm. These 
measurements were taken using a Fluke 451P-DE-SI dose rate probe and 
the results were analyzed in terms of variations in Dγ(T) values with 
increasing (reflector/shield) thickness and reported in Fig. 4. As 
observed in Fig. 4, the results showed that the Dγ(T) values decreased as 
the thickness increased, with the lowest value measured as about 
(0.0025 mSv/h) at a thickness of 25 cm. This result reconfirms the use of 
25 cm as the optimal thickness. At this thickness, the neutron dose 
equivalent rate D(n) was measured as about (0.00193 mSv/h) using a 
Berthold LB 6411 dose rate probe. Consequently, the total dose equiv
alent rate [D(T) = Dγ(T) + D(n)]] was calculated as about (0.00443 mSv/ 
h).

As a result, if the proposed (241Am-Be)-paraffin TNI device is oper
ated for1000 h/year, a total dose of 4.43 mSv is expected, which cor
responds to an operational duration of about 4500 h within the 
requirements of the annual permissible dose limit. In contrast, the 
measured dose rate DT (0.031 mSv/h) at a fixed (reflector/shield) 
thickness of 0 cm indicates that the operational time is limited to 
approximately 645 h before reaching the permissible dose limit. These 
findings demonstrate that the use of Pb has significantly decreased the 
total dose rate and extended the operational time by a factor of roughly 
7.

4. MCNP modeling

The results from the laboratory-optimized (reflector/shield) indi
cated that the use of Pb effectively increased the 3He counts by about 58 
% and decreased the radiological doses DT by a factor of 3. This com
parison was made against the Imod and DT values achieved by the 
(241Am-Be)-paraffin device, with the thickness of the (reflector/shield) 
assembly maintained at 0 cm.

The effective reflective potentials of natural Pb have been mainly 
attributed to the presence of 208Pb isotope, which exhibits the highest 
reflectivity (Rn) among its main constituent isotopes, characterized by 
their respective abundances: 208Pb (52 %), 206Pb (24 %), 207Pb (23 %) 
and 204Pb (1 %) [46]. To verify this, the Rn values for the four isotopes of 
Pb were determined at thermal neutron energy (0.025 eV) and across the 
fission spectrum, utilizing the cross section data provided in Ref. [32] 

Fig. 3. Measured (I(ref/shi)- Imod) counts as a function of Pb (reflector/ 
shield) thickness.

Fig. 4. Measured total gamma dose equivalent rates (Dγ(T)) as a function of Pb 
(reflector/shield) thickness.
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and summarized in Table 2. The results presented in Table 2 confirmed 
the superiority of 208Pb in terms of reflectivity at both (0.025 eV) and 
across the fission spectrum when compared to the other isotopes of Pb.

On the other hand, a comparison with the results for natural Pb 
presented in Table 1 reveals that at thermal neutron energy (0.0253 eV), 
the capture cross section of 208Pb (0.5009 × 10− 3 b) is significantly 
lower than that of Pb (153.4 × 10− 3 b) by a factor of about 306 [32]. In 
contrast, the elastic scattering cross sections of 208Pb (11.5 b) and Pb 
(11.33b) do not differ significantly [32]. However, the reduced capture 
cross section of 208Pb resulted in a reflectivity value of about (22959), 
which is a factor of about 310 higher than that of Pb (74). Furthermore, 
when examining the average capture cross section of 208Pb (1.437 ×
10− 3 b) across the fission spectrum, it is found to be lower than that of Pb 
(2.395 × 10− 3 b) by a factor of roughly 1.7. However, the average elastic 
scattering cross sections for 208Pb (6.097 b) and Pb (5.624 b) do not 
show significant differences [32]. Nonetheless, the lower average cap
ture cross section of 208Pb resulted in a reflectivity value of about 
(4243), which is a factor of about 1.8 higher than that of Pb (2348).

Therefore, the use of lead with predominant content of 208Pb has the 
potential to improve the efficiency of the laboratory-optimized Pb 
(reflector/shield), thereby maximizing the 3He counts at the test point of 
the proposed TNI device. Natural Pb can be enriched to 99.0 % 208Pb by 
gas centrifugation, as indicated in Ref. [47], with associated costs esti
mated between 1000 and 2000 USD per kilogram. In contrast, it can be 
extracted at a significantly lower cost from aged thorium ore with 85–93 
% enrichment of 208Pb, depending on the quality of the ore [47]. In this 
regard, the research cited in Ref. [48] determined that the hydromet
allurgical extraction of Pb with high 208Pb enrichment from monazite 
(the primary thorium ore) is projected to cost between 24 and 30 USD 
per kilogram. However, to maintain affordability in future models, this 
study explores the viability of using Pb enriched to 90 % 208Pb, char
acterized by an isotopic composition of 208Pb (90 %), 206Pb (9 %), 207Pb 
(0.8 %), and 204Pb (0.2 %).

4.1. Geometry characterization

The source was modeled as a volume source enclosed in a cylindrical 
stainless steel with dimensions similar to those used for measurements 
and given the neutron energy distribution characteristic of a241Am-Be 
source producing (2.2 × 106 n.s− 1). The simulated stainless steel was of 
density (7.93 g cm− 3) and elemental mass fractions of: C(0.004 %), Si 
(0.37 %), P(0.011 %), S(0.008 %), Cr(16.96 %), Mn (1.59 %), Fe(65.157 
%), Ni(13.61 %), and Mo(2.29 %). The uniform particle position sam
pling was given by the (EXT) variable. While for the source radius values 
(RAD), a power law built-in function p(x) = c|x|a was used with a = 1.

The measured and normalized neutron spectra of 241Am-Be source 
were taken from Ref. [20], while the spectra of the accompanying γ-rays 
were generated by multiplying the measured γ-ray spectrum (per 
emitted neutron) from Ref. [21] by the intensity of the actual 241Am-Be 
source. The calculations were performed with up to 107 histories within 
the same acquisition time (300s) of the laboratory measurements and 
the cross sections were derived from the ENDF/B-VI, and the NJOY li
braries. These parameters ensured a sufficient number of histories 
resulting in a statistically acceptable MCNP error of less than 0.03 %.

The (reflector/shield) was modeled as a rectangular volume with 

dimensions matching those of the actual measurements. The source was 
located inside an air-filled cylindrical cavity, which was modeled around 
the central x-axis of the (reflector/shield) assembly, with dimensions 
comparable to measurements. The source was positioned at the entrance 
of the moderator which was simulated as a rectangular volume filled 
with paraffin and partially shielded with lead. The moderator di
mensions and thickness of the lead layer were corresponded to those of 
measurements.

The 3He detector was modeled with similar dimensions used in the 
experimental work and centered on the z-axis of the irradiation cavity 
which was air-filled and shielded with lead. The dimensions of the cavity 
and the thickness of the lead shielding were consisted with those 
employed in the measurements. The detector was aligned perpendicular 
to the direction of the incoming neutron beam and the flux-over-cell 
tally (F4) was used to exclusively record the thermal neutron counts 
detected by the 3He(n,p)3H reaction. The elemental compositions and 
densities of Pb, 208Pb(90 %), AmO2/Be mixture, paraffin, and air as 
modeled in the MCNP simulations are provided in Table 3.

5. MCNP results

The MCNP calculations were performed following the same meth
odology used for the measurements. Initially, the thickness of the 
(reflector/shield) was fixed at 0 cm and the 3He net count rates (I - Io) 
were calculated with increasing moderator thickness in 3 cm increments 
and over the thickness range (0–15) cm considered for the measure
ments. Similar to the measurements, the highest 3He count rates (Imod) 
were observed at the optimal moderator thickness (6 cm) and deter
mined to be approximately (1.14 × 105 counts.s− 1). The (reflector/ 
shield) volume housing the source was alternately filled with Pb and 
208Pb(90 %), and the net counts (I(ref/shi) - Imod) were determined while 
the (reflector/shield) thickness was incrementally increased by 5 cm 
within the range of (0–25) cm considered for the measurements. The 
MCNP results were compared with the measurement results for Pb and 
are presented in Fig. 5. Similar to the trend observed in Figs. 3 and 5
shows that the net signals increased rapidly in the range of (0–10) cm 
and peaked at a thickness of 10 cm. As the thickness increased from 15 
cm to 25 cm, the net counts progressively increased due to the decrease 
in I(ref/shi) signals, with the highest net counts of about (1.82 × 105 

counts.s− 1) and (2.21 × 105 counts.s− 1) recorded at 25 cm thickness for 
the simulated Pb and 208Pb(90 %), respectively.

It was observed in Fig. 5 that the highest MCNP value determined for 
Pb was approximately 3 % higher than the corresponding measured 
value (1.76 × 105 counts.s− 1). The primary cause of this could be the fast 
neutron response of a physical 3He detector that limits the counting rate 
at which the detector can be operated. This is realized by the consid
erable sensitivity estimated on the scale of 10− 3 that physical thermal 
neutron detectors such as 3He detectors, exhibit in response to fast 
neutrons (up to En = 10 MeV) [8,49]. Therefore, such systematic error 
should be taken into accounts when operating the proposed TNI device 
as a monitoring system for thermal neutrons. In this context, 3He tubes 
are usually embedded inside a solid polyethylene moderator in order to 
optimize the moderation effect [50,51]. On the other hand, cadmium 
has been employed at different response tuning assemblies to increase 
the 3He sensitivity for thermal neutrons and consequently improve its 

Table 2 
Cross section data and reflectivity (Rn) values for208Pb,207Pb,206Pb, and204Pb.

Reaction Cross sections (barns)

Thermal energy (0.0253eV) Fission spectrum (average)
208Pb 206Pb 207Pb 204Pb 208Pb 207Pb 206Pb 204Pb

(n, elastic) 11.50 10.85 11.51 12.23 6.097 5.380 5.020 5.011
(n, γ) 0.5009 × 10− 3 26.56 × 10− 3 610.1 × 10− 3 703.2 × 10− 3 1.437 × 10− 3 2.804 × 10− 3 3.939 × 10− 3 32.83 × 10− 3

Reflectivity (R), rounded off 22959 409 19 17 4243 1919 1274 153
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detection efficiency [22].
The MCNP data in Fig. 5 also showed that the highest 3He counts for 

208Pb(90 %) (2.21 × 105) exceeds those achieved by Pb in MCNP simu
lations (1.82 × 105) and measurements (1.76 × 105) by about 21 % and 
26 %, respectively. As a consequent, the use of 208Pb(90 %) has effectively 
increased the neutron counts at the test point to about 10 % of the 
neutron source intensity compared to about 8 % for Pb according to both 
MCNP and measurements data.

5.1. Calculation of dose equivalent rates

The total dose equivalent rate D(T) was derived in a manner similar to 
the measurements and determined in (mSv/h) at a distance of 100 cm 
from the optimal MCNP model. However, the constituent doses of Dγ(T) 
resulting from the secondary γ-rays (Dγ(Sec)) and the primary γ-ray flux 
(Dγ(source)) were calculated separately when the source was simulated 
solely with neutron or gamma spectra, respectively. Subsequently, the 
total gamma dose equivalent rate was determined as (Dγ(T) = Dγ(Sec) +

Dγ(source)) and added to the neutron dose equivalent rate Dn. It is worth 
noting that the flux tally at a point (F5) was used to determine the 
normalized source fluxes, which were then converted to dose equivalent 
rates by using the MCNP5 dose energy (DE) and dose function (DF) flux- 
to-dose conversion factors. Considering this procedure, the total dose 
equivalent rate (DT) was calculated as about (0.0037 mSv/h). Conse
quently, operating the (241Am-Be)-paraffin model for1000 h/year would 
results in a neutron dose of 3.7 mSv, indicating that the MCNP model 
could function for roughly 5400 h while adhering to the annual 
permissible dose limit.

In comparison to the laboratory-derived (DT) value (0.00443 mSv), 
the MCNP model has predicted an operating time that is higher by about 
20 %. However, it is imperative to consider these findings in light of the 
neutron and gamma background counts during measurements, the un
certainties in the material composition, and the statistical errors in the 

MCNP results which were noted to be around 0.03 %.

6. Conclusion

The current study involved comparative measurements and MCNP 
optimizations performed to evaluate the potential of a Pb (reflector/ 
shield) assembly as an alternative approach to improve the neutron 
production of a single (241Am-Be)-paraffin TNI device with reasonable 
minimum radiological doses. Further MCNP simulations were per
formed to explore the use of 208Pb(90 %) as a potential replacement for 
Pb.

The optimal dimensions of Pb (reflector/shield) were determined by 
measuring 34 cm in length, 30 cm in width, and 25 cm in height, and the 
results showed that Pb effectively increased the 3He counts by approx
imately 58 % at a reasonably low dose rate (DT) of approximately 
(0.00443 mSV/h), permitting approximately 4500 h of operation 
without exceeding the annual dose limit. The estimated cost of the in
tegrated (241Am-Be)-paraffin test system (40 cm × 30 cm × 25 cm) was 
estimated at a range of 10654–20654 USD.

The MCNP model for the Pb (reflector/shield) with optimal config
uration validated the laboratory-optimized design, revealing that the 
highest predicted 3He count was approximately 3 % higher than that 
obtained in the measurements. In contrast, replacing Pb with 208Pb(90 %) 
resulted in a significant increase in both predicted and measured 3He 
counts, with enhancement of approximately 21 % and 26 %, respec
tively. The use of 208Pb(90 %) also lead to an increase in neutron counts at 
the test point, reaching about 10 % of the neutron source intensity, 
compared to around 8 % generated by Pb, as indicated by both the 
MCNP simulations and experimental data. Furthermore, the dose rate 
(DT) associated with 208Pb(90 %) was estimated to be approximately 
0.0037 mSv/h, which is about 16 % lower than the corresponding value 
for Pb derived from measurements. This reduction allows for an oper
ational duration of approximately 5400 h, representing an increase of 
about 20 % compared to the duration permitted by Pb.

These findings suggest the use of 208Pb(90 %) as a viable replacement 
for the natural Pb, thereby confirming its applicability in the proposed 
(reflector/shield) configuration to increase the intensity of the 241Am-Be 
source and subsequently improve neutron production in the proposed 
(241Am-Be)-paraffin TNI, while maintaining a relatively low dose 
equivalent rate. However, the use of 208Pb(90 %) may lead to a consid
erable increase in costs. Nevertheless, its use is justified based on the 
results obtained and the capabilities of the current TNI device.

The results imply that the device can be effectively utilized as a 
thermal neutron probe for Prompt Gamma Neutron Activation Analysis 
(PGNAA) conducted outside a nuclear reactor. This capability ensures 
reliable flux intensity at the measurement location while remaining cost 
effective. Moreover, the device is also capable of operating as a neutron 
spectrometer for hydrogen detection. Furthermore, the generated 
neutron flux can be used for testing and calibrating thermal neutron 
detectors such as 3He, particularly in relation to their detection 
efficiency.
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Table 3 
Compositions and densities of AmO2/Be mixture, Pb,208Pb(90 %), paraffin, and air, as modeled in the MCNP simulations (rounded off).

Material Density g.cm− 3 Mass fractions

H Be C N O Am 208Pb 207Pb 206Pb 204Pb

AmO2/Be 1.3 ​ 0.994 ​ 0.004 0.002 ​ ​ ​ ​ ​
Pb 11.34 ​ ​ ​ ​ ​ ​ 0.52 0.23 0.24 0.01
208Pb(90 %) 11.34 ​ ​ ​ ​ ​ ​ 0.90 0.09 0.008 0.002
Paraffin 0.93 0.149 ​ 0.851 ​ ​ ​ ​ ​ ​ ​
Air 0.00122 ​ ​ ​ 0.780 0.220 ​ ​ ​ ​ ​

Fig. 5. MCNP (I(ref/shi)- Imod) counts as a function of 208Pb(90 %) (reflector/ 
shield) thickness plotted against the corresponding MCNP and measured data 
for Pb.
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