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H I G H L I G H T S

• Monte Carlo simulation of neutron radiography using emulsion films.
• Polyethylene and aluminum samples were comparatively analyzed.
• mage quality variations with sample thickness were evaluated.

A B S T R A C T

Neutron radiography is a non-destructive imaging technique used to study the internal
structures of materials. In this work, a computational investigation was conducted to
evaluate the effect of sample thickness on neutron radiography of polyethylene- and
aluminum-based samples using emulsion films. The MCNPX 2.7.0 code was employed to
simulate the imaging geometry, including the sample, gadolinium converter, and emulsion
film, for both polychromatic and monochromatic neutron beams. Sample thicknesses of
2, 4, and 6 cm were analyzed, and the contributions of neutrons and gamma rays to image
formation were quantified through (n, γ) reaction rates and gamma deposited energy in
the emulsion layer. Results show that increasing sample thickness reduces image quality,
particularly for polyethylene due to its high thermal neutron scattering. Gamma-induced
images provide improved contrast for thicker samples, moreover this imaging would
result in better contrast and resolution than neutron imaging of the thicker investigated
samples. The computational investigations showed there is noticeable differences between
the samples’ images formed by monochromatic and polychromatic neutron beams. These
findings provide insights for optimizing imaging conditions, and detector selection in
neutron radiography studies.
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1 Introduction

Neutron radiography (NR) is a non-destructive imaging
technique analogous to X-ray radiography, but it exploits
the interaction of neutrons with matter, offering high sen-
sitivity to light elements and the ability to penetrate heavy
metals (Wei, 2012). Indirect neutron radiography (INR)
using neutron converters combined with detection media,
such as X-ray films or imaging plates (IP), enables both
qualitative and quantitative analysis of complex samples
(Wei et al., 2015). In the film-based approach, emul-
sion films containing silver halide crystals capture the
image, while in indirect neutron radiography, a neutron
converter -commonly materials with high thermal neutron
cross sections such as gadolinium, dysprosium, boron-10,
or lithium-6- is placed in contact with the film (Morgan
et al., 2013; Kljuev, 2001). Thermal neutrons interacting

with the converter produce secondary radiation, including
internal conversion electrons and gamma-related particles,
which expose the film and enable high-resolution imaging,
although gamma sensitivity can influence image contrast
(Soltes et al., 2017). Compared with traditional films, IPs
offer several advantages, including shorter exposure times,
a wide linear dynamic range, and digital quantification,
facilitating both qualitative and quantitative analysis of
complex samples (Wei et al., 2015). Previous studies at
the China Advanced Research Reactor (CARR) demon-
strated that INR with imaging plates allows precise evalu-
ation of sample features, including industrial sensors and
dummy nuclear fuel rods, while reducing total exposure
time to less than half that required with conventional films
(Wei et al., 2015). Complementary research at low-power
and educational reactors, such as VR-1 and LVR-15 in the
Czech Republic, has confirmed that self-developing X-ray
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Figure 1: Schematic view of the Tehran Research Reactor (TRR) neutron facilities: a) Neutron diffraction setup using a
monochromatic neutron beam. b) Neutron radiography setup using a polychromatic neutron beam.

films can provide a simple, portable, and cost-effective tool
for thermal neutron imaging, although their efficiency is
limited for epithermal and resonance neutrons, and spa-
tial resolution may decrease when using converters like
gadolinium (Soltes et al., 2017). Collectively, these inves-
tigations highlight the balance required between detector
sensitivity, exposure time, and image resolution, empha-
sizing the need for optimized experimental setups for both
educational and research applications in neutron radiog-
raphy.

The quality and contrast of neutron radiographic im-
ages are strongly dependent on the sample thickness, since
neutron transmission decreases with increasing material
thickness according to the exponential attenuation law.
Consequently, variations in thickness directly affect the
intensity of the transmitted neutron beam and the result-
ing image quality (Hassanein et al., 2005).

In this study, a computational investigation of
polyethylene and aluminum samples with varying thick-
nesses is carried out to evaluate their impact on neutron-
and gamma-induced image formation in emulsion film-
based INR. The results provide insight into the relation-
ship between sample geometry, material properties, and
image resolution, which is critical for optimizing INR ex-
periments.

2 Material and Methods

The neutron radiography experiments were conducted at
the Tehran Research Reactor (TRR), which is equipped
with a dedicated neutron radiography laboratory. This
facility provides both digital and film-based imaging ca-
pabilities. A schematic view of the laboratory setup is
shown in Fig. 1.

The MCNPX2.7.0 computational code was employed
to model the neutron radiography setup. The SDEF card
was used to define the neutron and gamma sources, while
only the sample, converter, and emulsion film were in-
cluded in the imaging geometry. These components were
modeled to simulate their exposure to neutron and gamma
beams, as illustrated in Fig. 2.

Figure 2: MCNPX 2.7.0 simulation of polyethylene- and
aluminum-based samples: a) Axial view of the modeled sam-
ples. b) Cross-sectional view of the two modeled samples c)
3D view showing the aluminum sample with five 1 mm holes
and the polyethylene sample with four 1 mm holes.

The aluminum sample has a diameter of 2.5 cm and
contains five 1-mm holes filled with lead, copper, iron, air,
and tin. The polyethylene sample has a diameter of 2.0 cm
and includes four 1-mm holes filled with lead, copper, iron,
and air. To investigate the effect of sample thickness on
image resolution, the thickness of both samples was varied
at 2 cm, 4 cm, and 6 cm. Both neutron and gamma parti-
cles contribute to image formation in the emulsion layer.
Therefore, the (n, γ) reaction rate inside the gadolinium
converter and the gamma deposited energy in the emul-
sion layer were evaluated using the mesh tally feature of
MCNPX. This allowed quantitative analysis of neutron-
and gamma-based contributions to image formation as a
function of sample thickness. Since the TRR facility is also
equipped with a monochromatic neutron beam, a compar-
ison was made between the image quality produced by the
polychromatic TRR beam and the monochromatic beam
for the 2 cm thick sample. In the monochromatic beam
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Figure 3: Simulated polychromatic (n, γ)-induced images of polyethylene- and aluminum-based samples with varying thicknesses:
a) 2 cm thickness, b) 4 cm thickness, c) 6 cm thickness

Figure 4: One-dimensional X-axis profiles of polychromatic (n, γ)-induced images for polyethylene- and aluminum-based samples
with varying thicknesses: a) Polyethylene samples, b) Aluminum samples, Blue: 2 cm, red: 4 cm, black: 6 cm.

setup, no gamma rays are present to contribute to im-
age formation, allowing an isolated assessment of neutron-
induced imaging.

3 Result and Discussion

The simulated images, representing the (n, γ) reaction rate
inside the gadolinium converter, demonstrate that increas-
ing the sample thickness from 2 cm to 4 cm and 6 cm leads
to a noticeable decrease in image quality. This effect is
particularly pronounced for the polyethylene-based sam-
ple due to its high thermal neutron scattering properties,
which reduce neutron transmission and degrade spatial
resolution (Fig. 3).

1D profiles show in the case of polyethylene sample,
the image contrast is approximately the same for all 2 cm,
4 cm, and 6 cm thick samples but the image resolution dis-
turbs by the sample thickness enhancement. In the case
of Aluminum sample, the image contrast enhances by the
sample thickness enhancement while the image resolution
decreases clearly as a result of thermal neutron absorption
rate enhancement of the different materials filled inside the
holes (Figs. 4 and 5).

Figure 5: One-dimensional Y-axis profiles of polychromatic
(n, γ)-induced images for polyethylene- and aluminum-based
samples with varying thicknesses: Blue: 2 cm, red: 4 cm, black:
6 cm
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Figure 6: Simulated gamma energy-induced images of polyethylene- and aluminum-based samples with varying thicknesses: a)
2 cm thickness, b) 4 cm thickness, c) 6 cm thickness.

Figure 7: One-dimensional X-axis profiles of gamma energy-induced images for polyethylene- and aluminum-based samples with
varying thicknesses: a) Polyethylene samples, b) Aluminum samples, Blue: 2 cm, red: 4 cm, black: 6 cm.

The 1D computational results showed the image con-
trast enhances for both aluminum and polyethylene sam-
ples exposing the core-emerged gamma on account of the
sample thickness enhancement. The behavior is prominent
for Aluminum sample clearly it has higher atomic number.
But the image resolution is lost a bit however is not much
in comparison with (n, γ)-induced image formation (Figs.
7 and 8).

The computational images formed by gamma rays
present in the TRR neutron radiography laboratory are
shown in Fig. 6. The simulations indicate that for thicker
samples, gamma-induced images exhibit better quality
compared to the (n, γ)-induced images. Therefore, in
some cases, core-immersed gamma rays can be effectively
utilized to enhance image quality in film-based neutron
radiography.

The simulations indicate that there is significant dif-
ference between the (n, γ)-induced images obtained us-
ing monochromatic and polychromatic neutron beams ex-
posed 2 cm thick samples, as shown in Fig. 9. The dif-
ference is better understood when the 1D profiles are re-
garded.

Figure 8: One-dimensional Y-axis profiles of gamma energy-
induced images for polyethylene- and aluminum-based samples
with varying thicknesses, Blue: 2 cm, red: 4 cm, black: 6 cm.
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Figure 9: Simulated (n, γ)-induced images of polyethylene- and aluminum-based samples with varying thicknesses (2 cm, 4 cm,
and 6 cm) exposed to a monochromatic neutron beam with an energy of 0.06 eV: a) 2 cm thickness, b) 4 cm thickness, c) 6 cm
thickness.

Figure 10: 1D Y-axis profile of monochromatic and polychromatic (n, γ) induced images of polyethylene and aluminum samples
having 2 cm thicknesses.

Figure 11: 1D X-axis profile of monochromatic and polychromatic (n, γ) induced images of polyethylene and aluminum samples
having 2 cm thicknesses a) Polyethylene b) Aluminum.

As Figs. 10 and 11 show, the monochromatic (n, γ)- induced images would result in better contrast and resolu-
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tion in the case of both samples because fast neutron scat-
tering of polychromatic neutron beam inside both sample
and converter causes the sample map inside converter is
missed.

4 Conclusions

In this study, the effect of sample thickness on neutron ra-
diography of polyethylene- and aluminum-based samples
was investigated using MCNPX simulations and emulsion
film detection. The results indicate that increasing sample
thickness reduces image quality, particularly for polyethy-
lene samples, due to their high thermal neutron scattering
properties. Gamma-induced images were found to provide
better contrast for thicker samples, suggesting that core-
immersed gamma radiation can be effectively utilized to
enhance image quality in film-based neutron radiography.
Comparisons between monochromatic and polychromatic
neutron beams showed noticeable differences in the (n, γ)-
induced images, highlighting the robustness of neutron
imaging under different beam conditions. These findings
provide valuable guidance for optimizing imaging condi-
tions, and detector selection (film or digital-based CCD
camera) in neutron radiography studies. Computational
procedures vastly help to predict the image quality before
consuming time and cost on experimental imaging.
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