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HIGHLIGHTS

e 144 configurations have been investigated using MCNPX, varying gamma shield material to maximize beam purity.
e Bismuth significantly outperforms Lead as a gamma shield due to its lower neutron absorption cross-section.
e The optimized design achieves a thermal neutron flux of 1.0 x 10° nuem~2.5s~% at L/D = 114 under full-core conditions.

ABSTRACT

In this study, a thermal neutron beam suitable for neutron radiography (NR) was
designed based on the thermal column of the Tehran Research Reactor (TRR). The
existing air-filled channel inside the graphite thermal column was utilized to implement
a dedicated beamline consisting of a gamma filter slab, a boron carbide thermal
neutron absorber with a central aperture, and a conical collimator. A comprehensive
parametric optimization was performed using the MCNPX Monte Carlo code. A total
of 144 configurations were evaluated by varying the gamma filter material, aperture
thickness, aperture radius and the distance between the aperture and image position.
Bismuth demonstrated superior performance compared with lead due to its lower neutron
absorption and effective gamma attenuation. The optimized configuration, employing 5
cm of Bi filter and a 5 cm B4C aperture with a 2 cm radius, achieved a thermal neutron
flux of 1.0 x 10° n.em™2.s7! at L/D = 114 under full-core simulation conditions at reactor
full power. The neutron-to-gamma ratio and fast neutron suppression were significantly
improved, while the gamma dose rate was substantially reduced compared with the
existing E-beam tube NR facility at TRR. A secondary surface-source methodology was
implemented to accelerate the parametric study and was subsequently validated against
full-core simulations. Although the simplified model overestimated absolute flux values,
it accurately reproduced relative performance trends, confirming its suitability for design
optimization. The results demonstrate that the TRR thermal column can provide an
efficient and high-quality neutron beam for advanced NR applications with enhanced
beam purity and radiation safety.
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1 Introduction

Neutron Radiography (NR) is a non-destructive testing
technique that utilizes neutrons to image the internal
structure of materials (Miihlbauer et al., 2005). Unlike
traditional X-ray radiography, which uses X-rays, neu-
tron radiography relies on the interaction between neu-
trons and atomic nuclei, offering unique advantages for
certain applications. This method is particularly useful
for materials that are transparent to X-rays but opaque
to neutrons, such as light elements like hydrogen, lithium,
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and boron (Tawalare, 2022; Hashimoto, 2022)s. A major
advantage of NR over X-ray imaging is its sensitivity to
light elements, particularly hydrogen, which is essential for
imaging objects containing water, polymers, and certain
composites. This makes NR an invaluable tool in diverse
fields, including aerospace, nuclear industries, and even
archaeology (Nallaperumal et al., 2022; Lehmann, 2009;
Aswal et al., 2022). NR also is widely applied for inspect-
ing materials such as aircraft parts, composite materials,
fuel elements, and cultural heritage artifacts (Lehmann,
2009; Dastjerdi et al., 2016b).
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Figure 1: A schematic view of TRR and its irradiation facilities (Dastjerdi and Khalafi, 2015).

While NR is highly effective, it requires access to a neu-
tron source, typically provided by nuclear reactors or par-
ticle accelerators (Mokhtari and Dastjerdi, 2023; Joseph
et al., 2025). Specialized facilities, such as research reac-
tors and synchrotron radiation sources, provide the nec-
essary infrastructure to generate neutrons with adequate
intensity and energy levels to perform high-quality imag-
ing.

In addition to conventional neutron radiography, ad-
vanced techniques such as neutron tomography and neu-
tron diffraction radiography are also being explored, of-
fering three-dimensional imaging capabilities and detailed
material phase analysis, respectively. These techniques
allow for more comprehensive studies of complex materi-
als and structures, expanding the potential applications of
neutron imaging.

One of the key challenges in this method is the design
of the neutron beam, as its characteristics significantly
influence the quality of radiographic images. The neu-
tron beam must have properties such as appropriate in-
tensity, uniformity, and high accuracy in order to provide
high-quality images with sufficient resolution. The rec-
ommended value of neutron beam parameter for NR is
presented in Table 1 (Dastjerdi et al., 2016a; Roy, 2022).

In NR, image quality strongly depends on proper neu-
tron beam design; as transmitted neutrons through differ-
ent materials form the final radiographic image. A well-
designed beam enhances accuracy, uniformity, and reso-
lution, which is particularly important for complex and
multilayered materials with varying densities and compo-
sitions. Precise control of beam size and intensity enables
the detection of fine defects such as cracks and voids in
advanced engineering components, including composites
and aerospace structures. Moreover, due to the high sen-
sitivity of neutrons to light elements such as hydrogen
and boron, optimized beam characteristics are essential
for applications involving biological materials and nuclear
fuels, where neutron-based imaging provides unique inter-
nal structural information.

Tehran Research Reactor (TRR) is a 5 MW pool-type
research reactor primarily used for scientific research, ed-
ucational purposes, and medical isotope production. It is
one of the oldest and most significant research reactors in
the Middle East and has played a pivotal role in advancing

nuclear science and technology in Iran. The TRR operates
under a thermal neutron flux of up to 10" n.cm=2.s71,
which makes it suitable for a wide range of neutron-based
experiments. Its fuel was converted from HEU to LEU in
1987 and now, the reactor operates with domestic nuclear
fuel. TRR has several irradiation facilities that support
a variety of neutron and gamma applications, including
radioisotope production (Vosoughi et al., 2023; Bagheri
et al; 2015; Forughi et al., 2013), neutron diffractome-
try (Bavarnegin et al., 2025), and Neutron Radiography
(Dastjerdi et al., 2016a; Dastjerdi and Khalafi, 2015). Fig-
ure 1 shows a schematic view of TRR and its irradiation
facilities (Kasesaz et al., 2016).

As shown in Fig. 1, TRR is equipped with a thermal
column. The thermal column is a horizontal channel with
a cross-section of 1.5 x 1.5 m? and a length of approxi-
mately 3 m. It is completely filled with graphite blocks
arranged in different configurations, as illustrated in Fig. 2
(Kasesaz et al., 2014). In 2014, the arrangement and con-
figuration of the graphite blocks were modified so that two
rows of the central graphite blocks could be removed, cre-
ating an air-filled channel with dimensions of 30 x 30 x 240
cm, as shown in Fig. 3. The purpose of this modification
was to generate a thermal neutron beam for neutron ther-
apy research (Kasesaz et al., 2014). The thermal neutron
flux at the beginning of this channel is approximately 10*!
n.em~2.s71 (Kasesaz et al., 2014).

TRR also has an active NR facility based on an E-beam
tube (Fig. 4). The thermal neutron flux in this facility
is 6.5 x 10° n.em=2.s71 (Dastjerdi et al., 2016a), and the
field of view is approximately 15 cm, which is suitable for
neutron imaging applications.

In the present study, a new neutron beam has been
designed based on the TRR thermal column. For this
purpose, the MCNPX Monte Carlo code was used (Wa-
ters and Laboratory, 2002). The design goal is to achieve
a neutron beam with the parameters presented in Table 1
(Roy, 2022).

Table 1: Recommended value of neutron beam parameter for
NR (Dastjerdi et al., 2016a; Roy, 2022)

Parameter Desired value
Dth (><106 n.Cm72.sfl) >1
n/y (x10° n.cm™2.mrem™") >1
L/D >100
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Figure 4: A schematic of NR facility at TRR based on E-beam tube (Dastjerdi et al., 2016a).

2 Materials and Methods for beam applications. The developed three-dimensional
model incorporated all relevant structural components, in-
2.1 TRR simulation cluding graphite moderator regions and the central air col-

umn. The latter serves as the designated location for the
installation of the designed collimator system for different
applications in the future. A schematic representation of
the modeled geometry is presented in Fig. 5.

In the first stage of this study, TRR was modeled in com-
prehensive geometrical and material detail. Particular em-
phasis was placed on the reactor thermal column, given
its critical role in moderating and guiding neutron flux
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Figure 5: The simuated model of TRR includign the reactor core, pool, beam tubes and the thermal coilmn (Left: side view,

Right: top view).

2.2 Modeling of the neutron and gamma source

Due to the large geometric dimensions and complexity
of the simulated configuration, achieving statistically reli-
able results (relative error below 10%) required substan-
tial computational time. Considering that approximately
200 different collimator configurations were investigated
in this work, direct simulation of the full reactor core for
each case would have been computationally inefficient. To
address this limitation, a two-step surface source method-
ology was adopted. First, the neutron and gamma energy
spectra were calculated on a surface positioned at the en-
trance of the thermal column. Inthe subsequent stage, the
reactor core was removed from the computational model,
and the previously defined surface was employed as an
equivalent neutrongamma source. This approach signif-
icantly reduced computational time while preserving the
spectral and spatial characteristics of the radiation field
entering the thermal column.

For improved spatial accuracy, the source surface was
subdivided into 11 concentric circular regions. The multi-
group neutron and gamma spectra were calculated inde-
pendently for each region in order to account for radial
variations in flux intensity and energy distribution. These
calculations were performed using the MCNP F1l:n and
F11:p tally cards in combination with the FSn and En
energy bin definition cards. The defined regions are illus-
trated in Fig. 6, and the resulting neutron and gamma
spectral data are summarized in Tables 2 and 3, respec-
tively.

Based on the obtained spectral distributions, a new
composite neutrongamma source was defined at the same
location. The source was implemented in MCNP using
the ERG=D1, PAR=FERG=D2, and RAD=FERG=D3
cards, enabling explicit specification of energy distribu-
tion, particle type, and radial dependence according to
the calculated multi-group data. This procedure ensured
that the simplified model accurately reproduced the ra-
diation characteristics of the original full-core simulation
while substantially improving computational efficiency.

2.3 = Neutron beam design

In the next step, the detailed configuration of the neu-
tron beamline was modeled and analyzed. The beam-
line consists of several principal components designed to
shape the neutron spectrum, attenuate gamma radiation,
and achieve suitable collimation for NR applications. The
main structural elements of the beamline include:

1. A gamma filter slab

2. A thermal neutron absorber slab incorporating a
central cylindrical aperture

3. ‘A collimator

Figure 6: A view of the MCNP model of the thermal column
and defined regions for secondary neutron and gamma source.
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Table 2: Neutron intensity in different group of energy in 11 defined regions.

Region No. 0-0.6 eV 0.6 eV-0.01 MeV  0.01-20 MeV Total
(x10** s71) (x10't s7h) (x101% ™) (x10 s7Y)
1 0.18 0.25 0.44 0.18
2 0.53 0.73 1.48 0.53
3 0.86 1.01 2.31 0.87
4 1.16 1.15 2.54 1.16
5 1.40 1.22 2.89 1.40
6 1.58 1.26 3.57 1.58
7 1.69 1.30 4.91 1.69
8 1.71 1.34 5.69 1.71
9 1.65 1.19 4.58 1.65
10 1.51 0.84 4.23 1:51
11 2.56 1.12 5.24 2.57

Table 3: Gamma intensity in different group of energy in 11 defined regions.

Region No 0-2 MeV 2-4 MeV  4-6 MeV MeV. _6-8 MeV Total
T (x10¥ 5T (x102 5T (x10M2 57 (x10M sTE) (x10% s7Y)
1 0.07 0.08 0.11 0.01 0.09
2 0.21 0.34 0.22 0.02 0.27
3 0.35 0.42 0.57 0.03 0.44
4 0.49 0.60 0.66 0.06 0.62
5 0.64 0.79 1.01 0.04 0.82
6 0.76 0.71 0.99 0.18 0.94
7 0.87 0.80 1.08 0.50 1.06
8 0.98 0.88 0.79 0.72 1.16
9 1.12 0.96 1.14 1.52 1.35
10 1.26 1.42 1.14 0.46 1.52
11 3.10 3.69 2.75 6.10 3.81

Position

Figure 7: A schematic view of the neutron beam line structure: ¢; is the thickness of gamma filter slab, t; is the thermal neutron
absorber thickness (B4C), D (=2R) is the diameter of the hole and m is the gamma filter material (Bi or Pb).

240 cm

Figure 8: MCNP simulated geometry of the neutron beam line.

Figure 7 presents a schematic representation of the ometry implemented in the Monte Carlo simulation model.

beamline layout, while Fig. 8 illustrates the detailed ge- As shown in Fig. 7, the gamma filter slab is positioned
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Table 4: 10 cases with the highest thermal neutron flux for Pb material as the gamma filter.

Pb
No. t1 (cm) t2 (cm) R (cm) @ (X107 niem 2.5 1Y) @in/@rast  n/y (x10" nem™ 2.mrem™ ') L/D
1 5 5 3 5.9 266 2.2 43
2 5 10 3 5.5 319 1.8 42
3 5 15 3 5.1 302 1.7 41
4 5 20 3 4.9 295 1.7 40
5 5 5 2.5 4.6 346 2.3 51
6 10 5 3 4.5 353 2.2 42
7 5 10 2.5 4.2 334 1.9 50
8 10 10 3 4.0 328 1.8 41
9 5 15 2.5 3.9 318 1.8 49
10 10 15 3 3.8 323 1.7 40
Table 5: 10 cases with the highest thermal neutron flux for Bi material as the gamma filter.
Bi

No. 1 (ecm) ¢z (cm) R (cm) ¢ (X107 nem™ 28" 1) oun/Ppast - n/y (x107 n.cm >mrem ') L/D
1 5 5 3 14.5 806 5.0 43
2 10 5 3 13.4 850 5.4 42
3 5 5 2.5 124 934 5.4 51
4 5 10 3 12.3 718 4.0 42
5 15 5 3 12.1 993 5.7 41
6 10 10 3 11.2 ey 4.5 41
7 5 15 3 11.1 658 3.6 41
8 10 5 2.5 11.0 985 5.7 50
9 5 5 2 10.7 1143 6.7 64
10 5 10 2.5 10.7 834 4.5 50

Table 6: The calculated thermal neutron flux (x10° n.cm™2.s7%) for different distances from the beam exit (different L) for 7

selected configuration (see Tables 4 and 5).

Bi-No.8 Bi-No.9 Bi-No.10 Bi-No.3 Bi-No.7 Bi-No.5
L/D o L/D o L/D  oum L/D ¢ L/D @ L/D
50 11.1 64 10.5 50 10.4 51 12.6 50 4.2 51 4.6

60 3.9 7 3.7 60 4.0
70 2.5 89 2.4 70 2.5
80 1.7 102 1.6 80 1.8
90 1.3 114 1.2 90 1.4

61 4.6 60 2.4 61 2.6
71 2.9 70 1.7 71 1.8
81 2.1 80 1.2 81 1.3
91 1.5 90 0.9 91 1.0

upstream to attenuate the intense gamma radiation orig-
inating from the reactor core and surrounding structural
materials. After of this layer, a thermal neutron absorber
slab made of boron carbide (B4C) is installed. This slab
includes a central cylindrical hole that allows transmission
of the useful neutron beam while suppressing scattered
and off-axis neutrons. The conical structure serves as the
primary neutron collimator. The annular region between
the outer surface of the cone and the surrounding air chan-
nel is filled with gamma filter material to further reduce
photon background and minimize radiation leakage. Two
candidate materials were considered for this purpose: lead
(Pb) and bismuth (Bi). These high-7Z materials were se-
lected due to their effective gamma attenuation properties
and relatively low neutron absorption compared to other
dense metals. The geometrical parameters of the conical
collimator are defined as follows:

e The small radius of the cone is equal to the radius of
the central aperture in the thermal neutron absorber
slab (R).

e The large radius of the cone is fixed at 10 cm, corre-

sponding to the desired beam diameter at the imag-
ing plane.

e The total length of the cone is determined by the
combined thicknesses of the gamma filter slab (¢;)
and the thermal neutron absorber slab (t).

In order to obtain a neutron beam suitable for NR, several
design parameters were systematically optimized. The pri-
mary variables considered in this study include ¢y, t2, R
and m.

Boron carbide (B4C) was selected as the thermal neu-
tron absorber material due to its high neutron absorption
cross-section for thermal neutrons and its effectiveness in
suppressing unwanted scattered components while main-
taining acceptable beam quality. For each combination of
t1, t2, R, and filter material, the following performance
indicators were calculated:

e Thermal neutron flux at the imaging plane
e Gamma dose rate

e /D ratio (collimation ratio)
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Figure 9: The calculated thermal neutron fluxes corresponding to different configurations.

MCNP F5:n/E5 cards have been used for thermal neu-
tron flux calculation and F15:p/DE15/DF15 cards for
gamma dose rate calculations. ‘The L/D ratio, defined
as the ratio of collimator length (L) to aperture diame-
ter (D), is a key parameter governing spatial resolution
in NR. Increasing L/D generally improves image sharp-
ness but reduces neutron intensity; therefore, a trade-off
analysis was necessary.

By considering multiple discrete values for each vari-
able, a total of 144 different beamline configurations were
simulated. This comprehensive parametric study allowed
identification of optimal configurations that provide a high
thermal neutron flux, reduced gamma contamination, and
an appropriate L/D ratio for radiographic applications

3 Results and discussion

The neutron beam performance was evaluated for 144
different configurations obtained by varying the gamma
filter thickness (¢1), thermal neutron absorber thickness
(t2), aperture radius (R), and filter material (Pb or Bi).
The calculated thermal neutron fluxes corresponding to all
configurations are presented in Fig. 9. A significant dif-
ference is observed between lead and bismuth as gamma
filter materials. The configurations employing bismuth ex-
hibit thermal neutron flux values approximately one order
of magnitude higher than those using lead. This improve-
ment can be attributed to the lower neutron absorption
cross-section of Bi compared with Pb, combined with its
effective gamma attenuation capability. Consequently, Bi

provides superior neutron transmission while maintaining
acceptable gamma suppression.

Figures 10 and 11 presents the calculated n/v ratio
and th/fast ratio respectively. In addition to the enhanced
thermal neutron flux (¢), the n/vy ratio and @i /@ fast
ratio are also substantially higher in Bi-based configura-
tions. These results indicate improved spectral purity and
reduced fast neutron contamination, both of which are es-
sential for NR.

The results clearly demonstrate that the thermal neu-
tron flux strongly depends on the aperture radius (R),
as well as the slab thicknesses t; and t,. Increasing R
generally leads to higher thermal neutron flux due to re-
duced geometrical restriction. However, this comes at the
expense of decreasing L/D ratio and spatial resolution.
Smaller R values improve beam collimation and increase
L/D, but reduce neutron intensity.

Increasing t; enhances gamma attenuation but may
also reduce neutron intensity due to additional neutron
scattering and absorption. An optimal thickness must bal-
ance dose reduction and neutron transmission.

The B4C aperture effectively suppresses scattered and
off-axis neutrons. However, excessive thickness reduces
useful thermal neutron intensity. The results indicate that
moderate to values provide the best compromise between
beam purity and flux.

Among the 144 configurations, the 10 cases with the
highest thermal neutron flux for Pb and Bi were identi-
fied (Tables 4 and 5). While most selected cases exhibit
acceptable @, n/vy, and @i/ @fast values for NR appli-
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Figure 10: The calculated thermal to fast neutron fluxes ratio corresponding to different configurations.
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Figure 11: The calculated neutron flux to gamma dose rate ratio corresponding to different configurations.

To achieve higher L/D values, configurations with
L/D greater than 50 were selected for further analysis.
For these cases, neutron beam parameters were recalcu-

cations, the L/D ratio required further optimization to
reach values exceeding 100, which is typically desired for
high-resolution imaging.
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Table 7: The final neutron beam parameters in comparison with the E-beam tube NR beam.

Parameter - E-beam tube  Thermal Column
©Oin (x10° n.em™ 257 ) 6.5 12.1
n/y (x10° n.cm™%.mren™ ") 3.5 325
Gamma dose rate (mrem) 18 0.4
L/D - 150 114

Table 8: The calculated thermal neutron flux and gamma dose rate corresponding to real source and secondary source.

Thermal neutron flux (x10” n.cm

_Q.S_l)

Gamma dose rate (mrem.s ')

L/D
secondary source real source secondary source - real source
64 10.5 1.2 1.52 0.24
77 3.7 0.4 1.01 0.17
89 2.4 0.3 0.69 0.13
102 1.6 0.2 0.49 0.11
114 1.2 0.1 0.37 0.10

lated at different distances from the beam exit, effectively
increasing the collimation length (L). The results are pre-
sented in Table 6.

As expected, increasing L/D results in a gradual de-
crease in thermal neutron flux due to geometrical beam
divergence and attenuation. However, Bi-based configu-
rations maintain significantly higher flux levels even at
L/D values above 100. For instance, Bi-No.9 achieves
L/D = 114 while maintaining acceptable neutron inten-
sity, demonstrating the robustness of this configuration.

In the final step, the configuration providing the high-
est combined performance in terms of thermal neutron flux
and L/D ratio was selected. The optimized beam param-
eters are summarized in Table 7 and compared with the
existing neutron radiography system based on the E-beam
tube configuration at the TRR.

Although the L/D of the E-beam tube is slightly
higher, the optimized thermal column configuration pro-
vides nearly doubled thermal neutron flux, dramatically
improved neutron-to-gamma ratio and significantly re-
duced gamma dose rate.

The large reduction in gamma dose (from 18 mrem to
0.4 mrem) represents a major improvement in beam qual-
ity and operational safety. Moreover, given the relatively
high thermal neutron flux in the optimized configuration,
it is reasonable to expect that further increases in L/D
could be achieved without experiencing a prohibitive re-
duction in neutron intensity.

In the final step, in order to obtain more realistic and
reliable neutron beam parameters, the optimized configu-
ration was re-evaluated using the original full reactor in-
put file, which includes the complete reactor core and all
geometrical details of TRR. This step was performed to
validate the accuracy of the previously defined secondary
source method. In earlier stages of the study, a secondary
neutron-gamma source was generated based on spectral
calculations at the entrance of the thermal column. Al-
though this approach significantly reduced computational
time, it was necessary to compare its results with those ob-
tained from a full-core simulation. For this purpose, neu-
tron beam parameters were recalculated using the com-
plete reactor core geometry, the full structural configura-

tion and the selected beamline design. The results ob-
tained from the secondary source simulation were directly
compared with those derived from the full reactor simu-
lation in order to assess the consistency and reliability of
the simplified modeling approach. The calculated thermal
neutron flux and gamma dose rate for both approaches are
presented in Table 8/ (based on the provided data).

The comparison clearly shows that the secondary
source method consistently overestimates both thermal
neutron flux and gamma dose rate relative to the full-core
simulation. For'example: in the first evaluation point, the
thermal neutron flux obtained using the secondary source
was 1.05 x 10® n.cm~2.s7!, while the corresponding value
from the full simulation was 1.23 x 10" n.cm™2.s7!. Simi-
larly, the gamma dose rate decreased from 1.52 mrem.s™*
(secondary source) to 0.236 mrem.s~! (full simulation).
This trend is observed consistently across all evaluation
points. Despite the quantitative differences, an important
observation is that the relative behavior of the beam pa-
rameters remains consistent between the two approaches;
thermal neutron flux decreases progressively along the
beamline and gamma dose rate follows the same attenua-
tion trend. This consistency confirms that the secondary
source approach correctly captures the overall physical be-
havior of the system, even though it overestimates abso-
lute values. Although the secondary source method pro-
duces higher numerical values, it remains a valid and effi-
cient tool for comparative design studies and parametric
optimization. The key advantage of this method lies in
its substantial reduction of computational time, especially
when evaluating a large number of configurations. How-
ever, for final performance assessment and reporting of
realistic beam parameters, the use of full-core simulation
is essential.

The final results demonstrate that the optimized
beamline configuration maintains acceptable neutron
beam characteristics when evaluated under full reactor
conditions. Gamma dose rates are significantly reduced
in the complete model, which is favorable from a radia-
tion protection standpoint. The optimized design remains
suitable for neutron radiography applications even after
applying realistic reactor modeling conditions.
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4 Conclusions

This study demonstrates the MCNP feasibility of utiliz-
ing the thermal column of the Tehran Research Reactor
as a high-performance neutron source for radiography ap-
plications. Through systematic Monte Carlo simulations
performed with MCNPX, the effects of filter material,
geometric parameters, and filter thickness were compre-
hensively evaluated. The results clearly indicate that bis-
muth is a superior gamma filter material compared with
lead, providing significantly higher thermal neutron flux
and improved neutron-to-gamma ratios while maintaining
low gamma dose levels. The optimized beamline configu-
ration achieved a thermal neutron flux of approximately
1.0106 ncms at L/D = 114 under realistic full-core condi-
tions, meeting recommended criteria for neutron radiogra-
phy. In comparison with the existing E-beam tube facility,
the proposed design provides nearly doubled neutron flux,
markedly improved spectral purity, and a substantial re-
duction in gamma dose rate.

The secondary surface-source approach proved to be
an efficient tool for large-scale parametric optimization,
although final performance assessment requires full-core
reactor modeling to obtain realistic absolute values.

Overall, the proposed configuration offers a practical
and effective pathway to upgrade neutron radiography ca-
pabilities at TRR. Future work should address detailed
engineering design considerations, including beam shut-
ter systems, filter structures, and irradiation room layout,
as well as experimental validation of the simulated beam
parameters.
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