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Abstract: This computational study using MCNP5 evaluated the feasibility of replacing
6061-T6 aluminum with 316L stainless steel (S5-316L) for the tubes hosting the uranium
slugs in the subcritical nuclear reactor Nuclear Chicago model 9000, thereby contributing to
its preservation as a key resource for nuclear research and education in Mexico. Simulations
and dosimetric analyses (ICRP/ICRU) confirmed subcriticality in both configurations.
Notably, SS-316L demonstrated an effective attenuation of peripheral gamma radiation
and a reduction in the ambient neutron dose, indicating a considerable improvement
in radiological safety. Although a reduction in thermal and epithermal neutron fluence
was observed, the similarity in the gamma spectrum suggests no significant alteration for
gamma spectroscopic experiments. In conclusion, S5-316L presents a promising alternative
that enhances radiological safety and reactor longevity, making it a worthy consideration
as a replacement material. Further experimental investigation is recommended to assess
material activation and the gamma dose in the vicinity of the fuel.

Keywords: subcritical reactor; tubes for fuel slugs; Monte Carlo; effective multiplication
factor; spectrometry and dosimetry

1. Introduction

A nuclear reactor is a machine that contains an arrangement of nuclear fuel designed to
generate and control nuclear fission. Reactors are primarily classified into two types: power
reactors, which are designed for electricity generation, and research reactors, which are
utilized for a wide range of scientific studies and technological applications in the nuclear
field [1-3]. Another fundamental distinction lies between critical reactors, which can
sustain a self-sustained chain reaction, and subcritical reactors, which require an external
neutron source to maintain fission processes, an inherent characteristic that increases their
operational safety [4,5].

At the global level, subcritical research reactors play a crucial role. Since they do
not sustain a self-sustained nuclear chain reaction, they offer an inherently safer environ-
ment for experimentation; the production of radioisotopes for medical, industrial, and
agricultural applications; non-destructive material analysis using neutron techniques; and
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the training of future generations of professionals in nuclear engineering and related
sciences [6-11].

In Mexico, there are two subcritical nuclear reactors of the Nuclear Chicago model 9000
(NC-9000): one reactor is located at the National Polytechnic Institute (IPN), and another is
at the Autonomous University of Zacatecas (UAZ). These reactors are primarily used for
teaching, hands-on training, and limited scientific research [5,12]. The tubes that house the
fuel rods in these reactors were manufactured using 6061-T6 aluminum alloy (Al-6061-T6;
Alcoa, Pittsburgh, PA, USA), selected for its low neutron capture cross-section and good
mechanical strength.

However, this alloy has limited corrosion resistance within the reactor environment,
especially under radiation exposure and prolonged contact with light water (used as a
moderator and reflector), which tends to evaporate and concentrate mineral salts and
other compounds [5,13]. These processes contribute to corrosion in the tubes that host
the uranium slugs [14]. Previous studies have confirmed the tendency of Al-6061-T6 to
form oxides under prolonged operational conditions and in the presence of impure water,
compromising its structural integrity and, potentially, its heat transfer properties [13,15,16].
This situation highlights the necessity of investigating alternative materials to extend the
service life of the reactor, ensure its safe and continuous operation, and maintain neutron
and gamma spectral characteristics, as well as radiation dose levels, within acceptable
limits for its application in education and research [13,17].

In response to this challenge, the present study evaluates 316L stainless steel (55-316L)
as an alternative material for the tubes hosting the fuel slugs. While it is well known that
SS-316L has a significantly higher neutron absorption cross-section than aluminum, an
apparent disadvantage for a core component, there are multifactorial motivations that
justify its consideration as a viable and potentially superior long-term candidate. First, the
primary failure mechanism of the current material is corrosion, an area in which SS-316L
offers improved resistance, especially in aqueous environments and under irradiation.
This improved durability is crucial for extending the lifespan of components, reducing
the frequency of maintenance and its associated expenses, and minimizing the risk of
failures that could compromise reactor safety or operational readiness. Secondly, SS-316L
demonstrates better mechanical properties than Al-6061-T6, such as increased tensile
strength and toughness, which could improve the structural integrity of the fuel assembly.
Thirdly, while its neutron absorption rate is greater, it is vital to measure the precise effect
on the neutron fluence spectrum and dosimetric parameters within the NC-9000 subcritical
nuclear reactor (Nuclear-Chicago Corporation, Des Plaines, IL, USA). Given the specific
characteristics of this low-power reactor and its application in education and fundamental
research, it is reasonable to conclude that the neutronic impact remains acceptable and is
offset by the improved lifespan and reliability of the material.

Therefore, the primary objective of this study is to conduct a comprehensive compari-
son between the performance of Al-6061-T6, the current material for housing tubes, and
5S-316L as an alternative material for the housing tubes that contain the fuel slugs of the
NC-9000 nuclear reactor. Through detailed Monte Carlo simulations using version 5 of
the MCNP code [18,19] and dosimetric analyses based on the International Commission
on Radiological Protection (ICRP) and the International Commission on Radiation Units
and Measurements (ICRU) recommendations, their behavior is evaluated regarding the
effective multiplication factor, neutron spectrum, neutron fluence, and radiation dosimetry.
This research aims to determine whether the advantages of SS-316L as a potential substitute,
particularly its superior corrosion resistance and mechanical properties, can provide a more
sustainable and safer solution while maintaining essential neutronic properties within
acceptable limits for the efficient operation of the reactor. Such a result would represent a
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significant step toward preserving this key resource for nuclear research and education in
Mexico and all those sites around the world with this type of subcritical nuclear reactor
experiencing corrosion problems in the aluminum tubes.

2. Methodology
2.1. Reactor

The subcritical reactor modeled in this study is the NC-9000 reactor, characterized by
a core containing 270 fuel tubes arranged in a compact hexagonal lattice, as shown in the
three-dimensional view in Figure 1. The center-to-center spacing between these tubes is
4.445 cm. Each tube, with a diameter of 3.18 cm and a length of 149.86 cm, contains hollow
cylindrical slugs of natural uranium. Each tube consists of a lower section filled with light
water, a middle section housing the uranium fuel slugs, and an upper section containing

air (Figure 2).
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Figure 1. A three-dimensional view of the NC-9000 subcritical reactor showing the hexagonal array
of 270 fuel tubes. The core has a maximum diameter of approximately 88.9 cm. The central 2*PuBe
neutron source is located at the center of the core. Each fuel tube contains natural uranium slugs
surrounded by light water, which serves as both a moderator and a reflector.

Subcritical reactors require an external neutron source; in this case, the source is a
plutonium-beryllium (**’PuBe) neutron source located at the center of the core. The source
strength is 1.11 x 107 n/s and has a nominal activity of 0.185 TBq [20], playing a crucial
role in sustaining the criticality of the subcritical system. The simulations were performed
assuming this nominal activity remains constant. However, in actual reactor operation, the
gradual decrease in source activity due to radioactive decay is considered during periodic
evaluations. This is particularly relevant for experimental planning and dose estimation,
especially in training sessions and detector-based measurements where source intensity
influences fluence and exposure time. Figure 2 also shows the spatial location of the virtual
detectors used in the simulations, with their specific positional characteristics (coordinates
and orientation) detailed in Table 1.
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Figure 2. An isometric view of the NC-9000 reactor in MCNP5, where the letters A, B, C, D, and E
indicate the positions of the virtual detectors used in the simulations.

Table 1. The location and purpose of the point detectors used in the simulations.

Location (x, y, z)

Identifier Point Description

[cm]
Position A (71.0, 0.0, 73.3) Lateral to the reactor, near-core position
Position B (71.0, 0.0, 111.9) Lateral to the reactor, elevated position along the vertical axis
Position C (60.0, 0.0, 162.5) Top of the reactor, experimental handling area
Position D (25.0,0.0, 162.5) Upper intermediate section, near instructional and student access areas
Position E (0.0,0.0, 162.5) Center of the reactor top, a typical area for experimental practice

2.2. Source and Virtual Detector Modeling

Virtual F5 detectors (used to calculate point fluence) were placed at strategic locations
around the core, specifically at lateral and top positions, representing areas frequently
accessed during training sessions.

Each virtual detector was modeled using the MCNP5 F5 tally (Los Alamos National
Laboratory, Los Alamos, NM, USA), which provides point-specific fluence for both neutrons
and gammas. These detectors are defined as zero-volume spheres with perfect energy
resolution and no physical perturbation of the system. The detector orientations were
selected to simulate typical positions accessed during training and experimental procedures.
They were placed both laterally and vertically relative to the core to capture variations in
influence and energy spectrum with distance and shielding. Their locations and coordinates
are detailed in Table 1.

The goal was to obtain neutron and photon spectra and calculate the absorbed dose in
these regions. The conversion from particle fluence to ambient equivalent dose was carried
out using H*(10) conversion coefficients for neutrons and photons, by the recommendations
established in ICRP Publication 74 [21] and the factors proposed in ICRU Report 95 [22],
which define a new operational quantity for ambient dose equivalent (H*).

The coefficients applied correspond to energy-dependent fluence-to-dose conversion
factors for H*(10). For neutrons, values range from 2 to 300 pSv-cm? per neutron depending

on the energy group, while for photons, values vary from approximately 0.01 to 1.5 pSv-cm?
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per photon. The energy binning in the simulations was matched to the available conversion
tables, ensuring consistency with international dosimetric standards.

2.3. Computational Model

The computational model of the NC-9000 reactor was implemented in MCNP5
(ver. MCNP5-1.60) based on technical design specifications and the literature as reported
by Papastefanou [4]. The geometry includes a hexagonal arrangement of 270 fuel tubes
with a center-to-center spacing of 4.445 cm. Each tube has an outer diameter of 3.18 cm and
a wall thickness of 0.89 mm, containing five cylindrical slugs of natural uranium (2.77 cm
in diameter), separated by light water. These details now reflect a more complete and
reproducible modeling approach. A similar three-stage simulation methodology combin-
ing MCNP-based transport with nuclide evolution codes was previously applied in the
HELIOS experiment, as reported by Oettingen et al. [23]. The neutron source was a central
2PuBe source, with an emission rate of 1.11 x 107 n/s, modeled using a typical (,n)
energy distribution based on experimental data.

Materials were defined using the ENDF/B-VIL.1 nuclear data library (Brookhaven
National Laboratory, Upton, NY, USA). Specific material compositions include Al-6061-T6
for the reference cladding, SS-316L for the alternative case, natural uranium metal (U),
light water as the moderator and reflector, and Lucite for structural elements. Densities
were taken from technical documentation and adjusted to maintain consistency in the
physical modeling.

To evaluate the feasibility of replacing the current Al-6061-T6 housing tubes with
SS-316L stainless steel, detailed simulations using MCNP5 were performed to compare the
influence of the tube material on neutron and gamma spectroscopy and dosimetry, hosting
the uranium fuel slugs [24,25]. For this purpose, a three-dimensional model of the NC-9000
reactor geometry was developed based on the dimensions and arrangement shown in
Figures 1 and 2, including the central neutron source and the hexagonal arrangement of fuel
tubes. Neutron and photon transport was simulated using the ENDF/B-VIIL.1 nuclear data
cross-section libraries. To ensure adequate statistical convergence, 10® particle histories
were simulated, and convergence was assessed using the relative variance histograms
generated by MCNP5.

2.4. Evaluated Scenarios

Two scenarios were investigated: tubes with the conventional Al-6061-T6 housing
tube and another scenario using the proposed SS-316L stainless-steel housing tube. For
each scenario, the effective multiplication factor (k.z) was estimated using the KCODE card
in MCNP5, confirming the subcritical condition (kg < 1).

The same cladding thickness (0.89 mm) was used for both Al-6061-T6 and SS-316L
in the simulations. This approach ensured a fair geometrical comparison that isolates the
effect of the material properties on neutron moderation and absorption. Nevertheless, we
acknowledge that using a thinner SS-316L cladding could be a practical strategy to mitigate
neutron attenuation. This possibility is highlighted in the conclusions as a promising
direction for future optimization studies focused on improving the reactor’s neutronic
performance while preserving structural benefits.

In addition, the spectra were estimated, and the doses were calculated in positions A,
B, C, D, and E (Figure 2) to assess the impact of the housing tube material on the spatial
and energy distribution of neutrons and gamma rays. This provides essential information
for determining the potential superiority of SS-316L as an alternative material in terms
of radiological safety, structural integrity, and performance for research and educational
purposes, particularly when compared to the known limitations of Al-6061-T6.
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Table 2 presents a detailed comparison of the most relevant properties of Al-6061-T6
and S5-316L, focusing on their behavior under oxidation and corrosion processes in subcrit-
ical reactor operating conditions. This comparison highlights the limitations of Al-6061-T6,
particularly its susceptibility to corrosion induced by mineral content in reactor water and
its accelerated degradation under irradiation. In contrast, SS-316L offers significant ad-
vantages, including a higher melting point, a lower thermal expansion coefficient, and the
formation of a stable, self-healing passive layer that provides superior protection against
oxidation and greater structural durability. As quantitatively demonstrated in Table 2,
these properties confirm SS-316L as a viable and superior alternative to the current housing
tube material, improving operational reliability while significantly extending the system

service life.

Table 2. Comparison of relevant housing tube properties related to oxidation resistance.

Key Prope:rty .Related to AL-6061-T6 SS-316L Impllcatu?ns in Corrosive
Oxidation Environments
Steel is denser but provides
i 3 P
Density (g/cm”) 2.70 8.00 greater structural integrity.
Melting Point (°C) 582-651 1375-1400 Steel has higher resistance
to elevated temperatures.

Corrosion Resistance

Good in neutral
environments, weak in the
presence of chlorides
or minerals

Excellent in humid and
radioactive environments

Superior durability to
Al-6061-T6 in contact with
mineralized water

Surface Oxide

Forms Al,O3, less stable in
irradiated environments

Forms Cr/Fe/Ni oxides,
self-passivating and stable

The formation of a Cr-rich
passive layer in SS-316L
provides notable
corrosion resistance.

Thermal Conductivity

Al-6061-T6 dissipates heat
more effectively, but its

(W/m-K) 167 14.6 performance is
compromised by oxidation.
Thermal Expansion Al-6061-T6 expands more,
L P 6 23.6 16.0 increasing the likelihood
Coefficient (x107°/K) .
of cracking.
. Steel provides greater
Tensile Strength (MPa) 310 485 mechanical strength.
Al-6061-T6 deforms less
Yield Strength (MPa) 276 170 before yielding, but is more

prone to fatigue.

Behavior Under Irradiation

Accelerated oxide
degradation and
microcrack formation

High-dimensional stability

S5-316L addresses the
accelerated degradation
and microcracking
observed in Al-6061-T6
under irradiation.

Oxidation Resistance in
Reactor Water

Mineral deposits,
embrittlement, and wall
thinning were observed

High resistance to
oxidation with minerals
and radiation

S5-316L is the most
resilient
long-term candidate.

The thermal neutron absorption cross-sections of the constituent elements can also
explain the differences in neutron attenuation. Aluminum has a relatively low absorption
cross-section (0.231 barns), while stainless-steel components exhibit significantly higher
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values: iron (2.56 barns), chromium (3.05 barns), and nickel (4.49 barns). These differences
account for the more pronounced reduction in neutron fluence observed with SS-316L.

2.5. Data Analysis and Convergence Criteria

To analyze the influence of materials on radiation attenuation, the exponential atten-
uation law was applied (I(x) = Ip™#*), where Ij is the initial radiation intensity, I(x) is the
intensity after passing through a thickness x, and y is the attenuation coefficient for neutrons
and photons, obtained from the ENDF/B-VIL1 database [26,27] for the relevant energies
in the simulated neutron and gamma spectra of the reactor. Statistical convergence of the
simulations was ensured by simulating 108 particle histories. Convergence was assessed
using the relative variance histograms generated by MCNP5 to confirm that the results met
acceptable uncertainty levels, all of which were below 5%, ensuring reliable analysis.

The attenuation coefficients (y) were calculated from the effective macroscopic cross-
sections (}_) derived from ENDF/B-VII.1 libraries. For thermal neutrons (x0.025 eV),
typical macroscopic absorption cross-sections are approximately 0.007 cm~! for Al-6061-T6
and 0.035 cm ™! for SS-316L. For fast neutrons (~1 MeV), the values are ~0.002 cm~! and
~0.015 cm ™!, respectively. For photons of 1 MeV, the linear attenuation coefficients are
~0.060 cm~! for aluminum and ~20.280 cm~! for SS-316L. These values were used to
interpret differences in neutron and photon fluence attenuation across scenarios.

3. Results and Discussion

This section details the findings of simulations performed using the MCNP5 code,
emphasizing the evaluation of how different materials for the fuel slug housing tubes
influence the reactor’s neutronic, gamma, and criticality properties (k). These analyses
encompass detailed spectral distributions of neutrons and gamma rays in key areas, kg
values (calculated based on the parameters outlined in the methodology), and gamma
and neutron dose rates at strategic locations. These results facilitate a direct comparison
between the conventional Al-6061-T6 housing tube and the proposed SS-316L stainless-
steel alternative, with the aim of highlighting the potential of the latter to optimize reactor
operation and improve its safety.

3.1. Effective Multiplication Factor (k.g)

The effective multiplication factor (k) [28], a critical parameter for reactor safety,
was calculated for both scenarios: the reactor modeled with Al-6061-T6 and SS-316L tubes
hosting the same fuel slugs. For Al-6061-T6, k. was 0.83022 £ 0.00005, while for the
proposed SS-316L housing tube, the value obtained was 0.7052 £ 0.0001. Both values
are below unity (k. < 1), confirming the inherently subcritical nature of the reactor and
ensuring a wide margin of operational safety regardless of the housing tube material. Using
Al-6061-T6 tubes, kg was 17.73% larger than the kg obtained with SS-316L tubes; this was
due to the higher neutron absorption cross-section of stainless-steel components (mainly
Fe, Cr, and Ni) compared to aluminum. Although this intrinsic property of SS-316L leads
to lower overall core reactivity, it further reinforces the deeply subcritical condition of the
system, an added advantage from the standpoint of passive safety, without negatively
affecting the viability of experimental activities that rely on the external neutron source.

3.2. Neutron Spectra

The analysis of neutron spectra at positions A, B, C, D, and E (Figure 3) reveals
significant variations in neutron fluence (), depending on both the housing tube material
(Al-6061-T6 or SS-316L) and the measurement geometry. At position A (Figure 3a), Al-
6061-T6 consistently exhibits a higher neutron fluence across the entire energy spectrum
than SS-316L. This material (Al-6061-T6) also shows a spectrum with a greater proportion
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of neutrons in the thermal region. These observations are attributed to the fact that Al-
6061-T6 has a lower neutron absorption cross-section than SS-316L and acts as a more
efficient moderator, facilitating neutron thermalization and transport. In contrast, SS-316L,
characteristically due to the higher absorption cross-sections of its components (Fe, Cr,
Ni), reduces the neutron fluence; specifically, at position A, the thermal neutron fluence
(<0.1 eV) with S5-316L was approximately 60.8% lower (3.85 vs. 9.83 arbitrary units of
fluence/source; see Table 3) than with Al-6061-T6. Additionally, inelastic scattering with
iron nuclei in SS-316L may contribute to moderating fast neutrons, thereby influencing the
shape of the resulting spectrum.

10° 10 106
107 _ 107 -
N 3 2
E 10°® f.*é 10 E
s . & 4
w10 Position A w Position B B g Position C
1070 1070 101
10° 10° 107 10° 10° 10* 10° 107 10° 10' 10* 10° 10% 107 10° 10° 10¢ 10° 102 107 10° 10' 10* 10° 10° 107 10 10° 10* 10° 102 107 10° 10' 10*
Energy [ MeV ] Energy [ MeV] Energy [ MeV]
@ (b) (©)
10 T T T T T 10° u u u T u T u
g 2
o q' 107
g 107 E
é @ﬁ 10
: 10° Postion D 2 - Position E
10 Dot it it s T 101
10° 10° 107 10¢ 10° 10* 10° 101 10° 10" 107 10¢ 10 107 10° 10° 10¢ 10° 102 107 10° 10" 10*
Energy [ MeV ] Energy [ MeV ]
(d) (e)
Figure 3. Comparisons of neutron spectra at positions A, B, C, D, and E in the NC-9000 reactor with
Al-6061-T6 and SS-316L tubes: (a) Lateral near-core, (b) lateral elevated, (c) top experimental zone,
(d) upper instructional area, and (e) reactor top center above the 23PuBe source.
Table 3. Integrated neutron fluences (neutrons-cm~2-source ~!) by energy ranges (thermal, epithermal,
and fast) and their corresponding percentage uncertainties for the housing tube materials Al-6061-T6
(Al) and SS-316L (SS) at the five measurement positions (A-E) within the NC-9000 reactor.
P Thermal Uncertainty (%) Epithermal = Uncertainty (%) Fast Uncertainty (%)
osition
SS Al SS Al SS Al SS Al SS Al SS
A 9.83 3.85 1.13 2.18 11.59 4.61 1.04 2.01 19.84 8.10 0.77 1.46
B 439 148 1.56 3.17 517 176 1.43 294 8.85 3.14 1.04 2.14
C 746  0.88 0.61 1.94 10.11  1.38 0.51 1.49 1581 2.70 0.4 1.02
D 4264 4.17 0.43 1.11 59.81 7.01 0.36 0.86 9231 1459 0.29 0.62
E 59.69 5.90 0.34 0.86 83.80 10.08 0.29 0.79 12755 2036  0.25 0.56

At position B (Figure 3b), the total neutron fluence is lower than that observed at
position A for both materials (Table 3). The trend of a generally lower neutron fluence
with the S5-316L tube than Al-6061-T6 persists, consistent with stainless-steel intrinsic
absorption properties. While Figure 3b shows that S5-316L maintains a lower spectral
intensity, especially in the thermal region, the relative magnitude of the fluence reduction
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due to the housing tube material (Al/SS factor) is comparable to or even slightly greater
at position B than at A for specific energy ranges (see Table 3). For example, the thermal
neutron Al/SS reduction factor is approximately 2.55 at position A and 2.97 at position B.

At position C (Figure 3c), neutron fluences remain generally low, comparable to
or even higher than those at position B for Al-6061-T6 in some energy ranges (Table 3).
5S-316L continues to exhibit a significantly lower spectral intensity than Al-6061-T6 across
all energy ranges, with the reduction being particularly pronounced for thermal neutrons,
a direct result of its higher neutron absorption cross-section. The Al/SS reduction factor for
thermal neutrons at position C (7.46/0.88 ~ 8.48) is considerably higher than at positions A
(~2.55) and B (~2.97), indicating a more pronounced attenuation effect from SS-316L at
this position compared to A and B.

At position D (Figure 3d), substantially higher neutron fluences were recorded across
all energy ranges for both materials evaluated (Al-6061-T6 and SS-316L) compared to
positions A, B, and C, as detailed in Table 3. For instance, the thermal fluence with
Al-6061-T6 at position D reaches a value of 42.64, which is approximately 4 to 9 times
greater than that observed at positions A (9.83), B (4.39), or C (7.46). This high neutron
intensity, illustrated in Figure 3d, even exceeds that of positions A and B. This suggests
that although the distance from the source generally leads to the attenuation of neutron
fluence at position D, this effect is counteracted by significant scattering and moderation
phenomena near the core, resulting in a recovery and increase of the total fluence. Despite
the overall fluence increase at position D, the attenuation introduced by the S5-316L material
remains pronounced due to its intrinsic composition; the Al/SS reduction factor for thermal
neutrons is approximately 10.2 and around 8.5 for epithermal neutrons. Consequently, the
low energy intensity for SS-316L at this position remains comparatively lower than that
for Al-6061-T6.

At position E (Figure 3e), which is located directly above the 2?PuBe source, the
highest neutron fluences of this study were recorded (Table 3). Regarding fast neutrons,
the fluence reduction factor when switching from Al-6061-T6 to SS-316L is approximately
6.26 (127.55 units with Al-6061-T6 vs. 20.36 units with S5-316L). This factor is comparable
to those observed at positions D (~6.33) and C (x5.85) and even higher than those at
positions A (/2.45) and B (~2.82). Therefore, SS-316L continues to significantly attenuate
the magnitude of fast neutron fluence at position E compared to Al-6061-T6, which is
consistent with the expected neutron interactions for this material.

Finally, the sharp local peaks observed in the fast neutron spectrum for SS-316L can be
attributed to inelastic scattering events primarily involving Fe, Cr, and Ni, which constitute
the majority of the alloy composition. According to the defined material card, SS-316L
contains approximately 65% Fe, 17% Cr, and 12% Ni by weight. These elements exhibit
significant inelastic cross-sections in the 0.5-3 MeV range, leading to localized energy
redistribution [28]. Inelastic interactions with Mo and Mn also contribute to the overall
effect. The relatively high density of SS-316L (8.00 g/cm?) further increases the probability
of such interactions, making the spectral peaks more pronounced in the fast neutron region
compared to Al-6061-T6.

Table 4 presents the Al/SS reduction factors for each energy range (thermal, epithermal,
and fast), along with the corresponding relative percentages and the total neutron fluence
values for each position, expressed in arbitrary units per source particle. This provides a
complete overview of the spectral behavior under both cladding materials.



Energies 2025, 18, 3213

10 of 20

Table 4. Comparison of neutron fluence reduction factors, spectral distribution (%), and total fluence
(neutrons-cm~2-source™ 1) for Al-6061-T6 and SS-316L at key positions.

Al/SS % Al/SS Al/SS
Position

Thermal  Epithermal Fast Thermal Epithermal Fast Total Fluence
A 2.5 25 2.5 24/23 28/29 48/47 41.26/16.56
B 3.0 2.9 2.8 25/26 28/28 48/46 18.41/6.38
C 8.5 7.3 5.9 22/18 30/28 47/54 33.38/4.96
D 10.2 8.5 6.3 22/16 31/27 47/57 194.76/25.77
E 10.1 8.3 6.3 22/16 31/28 47/56 271.04/36.34

In summary, both the qualitative analysis of neutron spectra (Figure 3) and the quanti-
tative data on integrated fluences (Table 3) consistently demonstrate that the use of SS-316L
as a housing tube in replacement of Al-6061-T6 results in a substantial reduction in neutron
fluence across all positions and energy ranges. This decrease is due to the higher neu-
tron absorption cross-section and lower moderation capability of SS-316L. Although this
reduction in fluence is a significant consideration for applications needing high neutron
intensity, the proposal to evaluate SS-316L considers a wider range of properties to enhance
reactor safety and longevity. SS-316L stainless steel presents substantial potential benefits
in terms of structural strength, corrosion resistance, and high-temperature performance
when compared to Al-6061-T6. These factors are critical for the long-term integrity and
operational safety of the reactor. This study quantifies the neutronic impact of this potential
substitution, revealing a reduction in fluence and a significant influence on spectral shape,
with consistently higher average energies observed for SS-316L. These findings are vital:
they enable an informed evaluation of the trade-offs between neutronic performance for
experimentation and the essential improvements in robustness, safety, and longevity that
55-316L could provide. This comprehensive characterization is essential for advancing
toward research reactors with globally optimized material performance.

In support of these findings, Table 4 offers a synthesized overview of the Al/SS
reduction factors by energy range and detector position, along with relative spectral
contributions and total neutron fluence. This tabulated comparison not only reinforces
the observed attenuation trends but also provides a valuable framework for evaluating
how material selection affects the spectral quality and intensity of the neutron field across
various operational zones within the reactor.

The analysis of the integrated neutron fluences by energy ranges (thermal, epithermal,
and fast), presented in Table 3, quantifies the differences in magnitude and energy distri-
bution at positions A-E as a function of the housing tube material. Replacing Al-6061-T6
with SS-316L results in a reduction in fluence across all energy ranges and positions. The
magnitude of this attenuation (expressed as the Al/SS reduction factor) is notably greater
at positions D and E (total factors of approximately 7.5) compared to positions A and B
(total factors of approximately 2.5-2.9), with position C falling in between (total factor of
approximately 5.9). This suggests that the relative impact of SS-316L is more pronounced
in regions of higher neutron fluence intensity (D and E), predominantly due to its higher
neutron absorption capacity [29,30].

For thermal neutron fluence (E < 0.1 eV, Table 3), replacing Al-6061-T6 with SS-316L
results in a marked decrease. This reduction is particularly severe at positions D and E,
where thermal fluence decreases by approximately 10.2 (from 42.64 to 4.17 units at D) and
approximately 10.1 (from 59.69 to 5.90 units at E), representing approximately 90% of atten-
uation in both cases. The reduction factors are lower at positions A and B (~2.55 and ~2.97,
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respectively). Interestingly, the thermal neutron reduction factor at position C is also high
(~=8.48), closer to the values observed at D and E than at A and B. These data confirm that
5S-316L has a substantial impact on the thermal neutron population, consistent with the
absorption cross-sections of its components, with a particularly pronounced influence in
positions C, D, and E [31,32].

Similarly, the epithermal neutron fluence (0.1 eV < E < 100 keV, Table 3) is substantially
reduced with the SS-316L tube. At position D, the Al/SS reduction factor is approxi-
mately 8.53 (from 59.81 to 7.01 units), and at position E, it is approximately 8.31 (from
83.80 to 10.08 units), corresponding to approximately 88% attenuation in both cases. At
positions A and B, the reduction factors are lower (~2.51 and ~2.94, respectively), while
at position C, the factor is higher (~7.33). This significant interaction of SS-316L with ep-
ithermal neutrons can be partly attributed to absorption resonance phenomena in the steel
components within this energy range, which clearly distinguish it from aluminum [33,34].

Fast neutron fluence (E > 100 keV, Table 3) also decreases with the SS-316L tube,
although the magnitude of this reduction is generally smaller than that observed for
thermal and epithermal neutrons. Specifically, at the high-fluence positions D and E,
the Al/SS reduction factors for fast neutrons are approximately 6.33 and approximately
6.26, respectively. These values are lower than the reduction factors observed for thermal
neutrons (~10) and epithermal neutrons (8.3-8.5) at the same positions. This behavior
suggests that, although SS-316L remains an effective attenuator of fast neutrons compared
to Al-6061-T6, due to interactions such as inelastic scattering, its relative impact is less
pronounced in the fast energy range than in the lower energy ranges, possibly due to
differences in the cross-sections of the dominant reactions at these energies [35,36].

The observed variations in neutron fluence magnitude and energy distribution provide
critical data for neutronics characterization of the reactor. The overall fluence reduction
with §5-316L would directly impact reaction rates within the fuel (if applicable to the
reactor design) [37,38], as well as the activation of surrounding structural or experimental
materials [39,40]. Moreover, altering the energy spectrum would affect the planning and
efficiency of experiments that depend on specific neutron energy ranges, such as neutron
activation analysis or scattering studies [41]. These factors must be carefully addressed and
planned for when considering material substitution, weighing them against the durability
and safety benefits that motivate the evaluation of SS-316L.

The significantly higher neutron absorption by SS-316L, especially in the thermal
and epithermal ranges, is primarily attributed to the presence of elements such as iron,
chromium, and nickel in its composition, which have substantially higher neutron capture
cross-sections than aluminum [42,43]. A detailed analysis based on microscopic cross-
sections and the elemental composition of both materials would enable a more accurate
modeling of the underlying mechanisms responsible for the observed differences [44,45].

In conclusion, the Monte Carlo simulation results indicate that replacing the Al-6061-
T6 housing tube with SS-316L in the NC-9000 subcritical nuclear reactor significantly
attenuates neutron fluence across all energy ranges and measurement positions analyzed.
This change in both the magnitude and energy spectrum of the neutron fluence is un-
doubtedly a key factor when assessing the viability of SS-316L. However, the relevance of
this investigation lies in the need to explore alternative materials, such as SS-316L, which
can provide substantial and necessary improvements in other critical aspects, including
structural integrity, corrosion resistance, or extended reactor lifetime, which are not cap-
tured solely by neutronic analysis. The implications of reduced neutron fluence will affect
specific research and educational applications. Still, this study provides the quantitative
data needed to weigh those effects against the crucial benefits to long-term operability and
inherent safety offered by SS-316L. Moreover, the detailed characterization of the modified
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radiation field and its impact on dosimetry, as analyzed in subsequent sections, is essential
for a comprehensive evaluation and for identifying operational or experimental scenarios
where the S5-316L profile may prove advantageous or acceptable within the context of a
more robust and secure overall reactor design.

3.3. Neutron Dosimetry

The analysis of ambient neutron equivalent dose, H*(10), and H*,, at the five evaluated
positions (A-E) within the NC-9000 reactor reveals a significant and highly favorable
dependence on the core housing tube material, with clear advantages for SS-316L (Table 5).
Using both the ICRP 74 and ICRU 95 dosimetric conversion coefficients [21,22,46,47],
it is consistently observed that the SS-316L tube results in substantially lower neutron
doses compared to Al-6061-T6. These international standards are justified by their broad
recognition and the rigorous methodology underlying their development [48,49].

Table 5. The mean neutron energy (Emean) and ambient neutron equivalent dose rate were calculated
using (H*(10),) ICRP 74 and (H*,) ICRU 95 coefficients for the housing tube materials Al-6061-T6
(Al) and SS-316L (SS) at the evaluated positions (A-E).

Emean H(10)n . H', )
. ICRP74 Uncertainty (%) ICRU95 Uncertainty (%)
Position [MeV] [uSv/h] [uSv/h]

Al SS Al SS Al SS Al SS Al SS
A 1.14 1.25 10.98 4.66 0.98 1.81 10.20 4.36 1.02 1.88
B 1.16 1.39 4.89 1.86 1.19 2.87 4.57 1.75 1.23 2.89
C 0.73 1.01 7.02 1.59 0.45 1.16 6.10 1.38 0.47 1.21
D 0.65 0.97 39.27 8.92 0.29 0.76 33.32 7.59 0.30 0.87
E 0.61 0.92 52.67 12.07 0.27 0.68 44.35 10.21 0.28 0.77

From the perspective of radiological protection, one of the key arguments supporting
the evaluation of S5-316L is reinforced by the dosimetric results. Quantitatively, using
5S-316L as a housing tube material instead of Al-6061-T6 significantly reduces the ambient
equivalent dose (calculated using ICRP 74 coefficients). This reduction ranges from a factor
of approximately 2.3 at position A (from 10.98 uSv/h to 4.66 uSv/h) to an impressive
factor of about 4.4 at position E (from 52.67 uSv/h to 12.07 uSv/h), This demonstrates
55-316L's capacity to enhance radiological safety, in complete alignment with the prin-
ciple of keeping doses As Low As Reasonably Achievable (ALARA). Consequently, this
material substitution results in a significant reduction in neutron exposure. Specifically,
attenuation reaches approximately 77% at positions C (from 7.02 to 1.59 uSv/h), D (from
39.27 t0 8.92 uSv/h), and E (from 52.67 to 12.07 uSv/h). In contrast, the attenuation at
positions B (from 4.89 to 1.86 uSv/h) and A is 62% and 57%, respectively. The robustness
of these findings is further supported by the agreement with the results obtained using
ICRU 95 coefficients (Table 5), indicating a consistent and reliable assessment of neutron
dose regardless of the coefficient set employed [50,51].

The mean neutron energy (Emean) also varies according to the housing tube material,
as shown in Table 5: neutrons exhibit slightly higher average energies when the core is
clad with SS-316L. This finding suggests that S5-316L has a lower neutron moderation
capability compared to Al-6061-T6, an interpretation consistent with the differences in
neutron spectra reported by [52]. This reduced moderation efficiency, along with the higher
neutron absorption cross-section of SS-316L (due to elements like Fe, Cr, and Ni [52,53]),
results in reduced thermal and epithermal neutron fluences in the regions surrounding the
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reactor, which directly translates into the lower ambient equivalent doses observed with
this material. This marked reduction in ambient neutron dose represents a significant oper-
ational and safety advantage, potentially facilitating compliance with dose limits, reducing
shielding requirements, or improving working conditions for personnel near the reactor.
This finding alone constitutes a compelling argument that justifies the evaluation and
consideration of SS5-316L, even in light of the reduced neutron fluence intensity available
for experimentation.

Although Table 5 focuses on neutron dosimetry, the impact of the housing tube
material on gamma radiation dose is also a critical consideration for a comprehensive safety
evaluation. While the experimental quantification of gamma dose was not part of this
study, the following mechanisms explain how the housing tube material could influence it:

a.  Neutron activation of S5-316L: The significantly higher neutron capture cross-sections
of the constituent elements of SS-316L (such as Fe, Cr, and Ni) compared to those in
Al-6061-T6 [54] would result in an increased production of gamma-emitting radioiso-
topes within the steel tube itself [55].

b.  Modulation of secondary gamma production: SS-316L modulates secondary gamma
production by attenuating and modifying the neutron spectrum in a way that differs
from Al-6061-T6 [56], which would influence the production of secondary gamma
rays in other reactor components. Specifically, increased neutron absorption within
the SS-316L tube could reduce secondary gamma production in adjacent moder-
ators or coolants (due to the lower incident neutron fluence). In contrast, the
activation of the steel tube itself would generate an additional source of gamma
emission simultaneously.

c. These findings are consistent with previous studies [5], which have reported a corre-
lation between materials with high neutron absorption capacity and reduced gamma
dose levels near activated radiation sources. An essential next step involves a de-
tailed quantitative evaluation of the gamma dose contribution, including spectral
analysis and identifying relevant activated radionuclides. The possibility, suggested
by studies such as [5], that SS-316L may contribute to a reduction in external gamma
dose due to the overall alteration of the radiation field, despite its activation, was one
of the motivating hypotheses behind the present material evaluation. Confirming
such an effect would significantly strengthen the suitability of SS-316L for applica-
tions where minimizing the total dose (neutron and gamma) is the primary goal,
complementing its structural advantages and justifying its consideration despite the
reduction in neutron fluence available for experimentation.

3.4. Gamma-Ray Spectra

The comparative analysis of gamma-ray spectra at positions A, B, C, D, and E (illus-
trated in Figure 4, which details the gamma spectral distribution at each point) reveals a
clear trend when contrasting the Al-6061-T6 and SS-316L tubes. At these locations, the
gamma spectrum associated with the Al-6061-T6 tube generally exhibits higher magnitudes
across most energy ranges, with the notable exception of the 6 to 10 MeV interval, as
observed in Figure 4a—e. This behavior aligns with the lower gamma attenuation capability
of Al-6061-T6, attributable to its lower density and effective atomic number compared to
SS-316L [57,58].



Energies

2025, 18,3213

14 of 20

[T
S <

2
=
b

®(E) y [em™-MeV™]
g g

o
<

10"

Position A

®(E) y [em?-MeV™]
3

o
N

4 6

(@)

8
Energy [ MeV ]

Position D

0 2 4 6 8

Energy [ MeV ]

(d)

10°
Al-6061-T6 106 —— Al-6061-T6 104 — Al-6061-T6
— SS-316L —— $S-316L — SS-316L
107 . 107
> 10° Z 10%
2 2
o 107 o 100
. = 10° .
— Position C
-
>~ ~
= 101 . @ qou
=) Position B 5
® om 1012 Nl,ﬂll
10 10
10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Energy [ MeV ] Energy [MeV ]
(b) (c)
10 T T T T
—— Al-6061-T6 10 — Al-6061-T6 ]
 §S-316L —— 5S-316L
. 107 9
?0 10®
=
& 100
g
= 107
>~
@ 10m Position E
-
1072
10
10 12 0 2 10 12

4 6 8
Energy [ MeV ]

(e)

Figure 4. Comparison of gamma-ray spectra at the different detector positions in the NC-9000 reactor,
with Al-6061-T6 and SS-316L tubes: (a) Lateral near-core, (b) lateral elevated, (c) top experimental
zone, (d) upper instructional area, and (e) reactor top center above the 2> PuBe source.

However, it is essential to emphasize that while S5-316L induces more pronounced
attenuation, the overall shape and energy distribution of the gamma spectra remain re-
markably like those obtained with Al-6061-T6 (except in the mentioned energy range),
where a relative increase is observed in Figure 4c-e. This preservation of spectral character-
istics is a significant finding, as it suggests that replacing Al-6061-T6 with SS-316L would
not substantially alter the nature of gamma radiation present during experiments, thus
maintaining the validity of current spectroscopic and dosimetric measurements. This initial
result already suggests that SS-316L is a promising alternative, as it does not significantly
alter the gamma spectrum.

In position E (Figure 4e), where the radiation source is directly adjacent to the bottom of
the detector, the simulation reveals an interesting behavior: SS-316L reaches slightly higher
spectral intensity levels than Al-6061-T6 in specific energy ranges. This result highlights
the complexity of radiation-material interactions in specific geometries. It suggests that
5S-316L may experience an increase in gamma-ray fluence in the 6-10 MeV energy range
under direct exposure to the source. Despite this peculiarity under direct exposure, SS-316L
still demonstrates a performance comparable to that of Al-6061-Té.

3.5. Gamma-Ray Dosimetry Spectra

The quantitative analysis of gamma-ray equivalent doses at the five points of interest
(Table 6) complements the spectral evaluation. The results consistently show that SS-316L
results in significantly lower doses at positions A, B, C, D, and E compared to Al-6061-T6.
Specifically, at position A, a reduction of approximately half the magnitude in the equivalent
dose (H*(10), according to ICRP 74, and as H*, under the updated definition from ICRU
Report 95) is observed when SS-316L is used as a housing tube [59-61]. This marked
difference highlights the superior gamma attenuation capacity of SS-316L, which directly
translates into a substantial improvement in radiological protection around the reactor,
further consolidating its potential as an excellent alternative.
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Table 6. Gamma dose rates for Al-6061-T6 and SS-316L.
E H*(10),, H*,
. meat ICRP74 Uncertainty [%] ICRU95 Uncertainty [%]
Position [MeV] [uSv/h] [uSv/h]

Al SS Al SS Al SS Al SS Al SS
A 1.26 1.40 4.61 2.01 0.42 0.54 3.99 1.74 0.42 0.54
B 1.27 1.46 2.66 1.09 0.56 0.74 2.31 0.94 0.56 0.74
C 1.17 1.55 1.05 0.36 0.56 0.67 0.91 0.31 0.56 0.67
D 1.19 1.80 2.24 0.74 041 1.20 1.94 0.64 041 1.21
E 1.23 1.93 2.80 0.99 041 0.65 2.43 0.86 041 0.65

Overall, the Monte Carlo simulation results provide strong evidence for considering
SS-316L as a viable and preferable alternative to the current housing tube material for
the NC-9000 reactor. While Al-6061-T6 exhibits slightly lower gamma attenuation at
peripheral positions in specific energy ranges, SS-316L consistently demonstrates the
superior capability to reduce equivalent doses, which is crucial for radiological safety and
the longevity of reactor components.

Although the use of S5-316L cladding results in a slightly higher mean gamma photon
energy, the ambient gamma equivalent dose H*(10) is consistently lower at all evaluated
positions compared to the Al-6061-T6 case. This outcome is due to the higher density
and effective atomic number of SS-316L, which enhances its attenuation capability for
gamma photons. Therefore, from a radiation protection standpoint, SS-316L does not
pose an increased hazard; rather, it contributes to improved radiological safety in the
reactor environment.

The observed similarity in gamma spectrum shapes confirms that adopting SS-316L
would maintain experimental functionality for gamma spectroscopy without significant
alteration [62,63]. Therefore, SS-316L is a robust alternative that prioritizes safety without
sacrificing research capability.

The Monte Carlo simulation demonstrates the potential of SS-316L as a suitable re-
placement for Al-6061-T6 as a housing tube material in the NC-9000 reactor. By offering
greater corrosion resistance [64] without causing drastic changes in gamma-ray spectra,
this material presents a viable alternative for improving the reactor’s durability and safety
without affecting its fundamental value for research and education. These results under-
score the need for further experimental investigation into the properties and performance
of S5-316L, specifically within the operational context of the NC-9000 reactor, which could
further confirm its suitability as a superior material for housing tubes [65,66].

The comprehensive evaluation of neutron and gamma doses is essential to ensure
the radiological safety of operational personnel and the surrounding environment. The
values obtained must be rigorously compared with occupational dose limits established
by international [67] and national [68] regulations. The apparent reduction in gamma
dose with S5-316L, as shown in Table 6, further underscores its advantage in terms of
radiological safety.

4. Summary of Findings, Implications, and Research Outlook

Based on detailed simulations using the MCNP5 code, this study conducted a com-
prehensive comparative evaluation of the impact of replacing the Al-6061-T6 used in the
tubes hosting the fuel slugs with SS-316L to address the corrosion problems. The impact
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was evaluated in the kg, neutron, and gamma-ray spectra and doses outside the NC-9000
subcritical nuclear reactor.

The results obtained for the effective multiplication factor (k. < 1) confirmed the inher-
ently subcritical condition of the reactor for both housing tube configurations, ensuring an
intrinsic margin of operational safety. The observed decrease in k.g with SS5-316L, attributed
to its higher neutron absorption, further reinforces this passive safety characteristic.

Neutron spectral analysis at the positions of interest (A-E) revealed significant fluence
attenuation across the entire energy range when using SS-316L, with the effect being
most pronounced for thermal and epithermal energies, particularly near the core. This
phenomenon is due to the higher neutron absorption cross-section of SS-316L at these
energies, influenced by elements such as Fe, Cr, and Ni [42,43]. Additionally, the lower
neutron moderation observed with SS-316L, evidenced by slightly higher average neutron
energies (Table 5), contributes to spectral modification with direct implications for neutron
dosimetry. The reduced availability of thermal and epithermal neutrons with SS-316L could
impact the planning and outcomes of neutron activation experiments and neutron scattering
studies [41], requiring careful consideration in experimental design and data interpretation.

Regarding gamma radiation, S5-316L demonstrated greater attenuation effectiveness
at peripheral positions (A-E), except in the 6 to 10 MeV energy range, representing a signif-
icant advantage for radiological protection (Table 5). The similarity in the overall shape
of the gamma spectra for both housing tube materials suggests that the material change
would not substantially alter the quality of gamma radiation generated in the reactor, thus
preserving the validity of spectroscopic measurements [62,63]. This gamma attenuation
capability of S5-316L underscores its potential to enhance reactor environmental safety.

The neutron dosimetric results showed a substantial reduction in ambient equivalent
dose when using SS-316L as a housing tube, with notable decreases of up to approximately
77% at key locations (Table 5). The consistency between calculations based on the ICRP 74
and ICRU 95 dosimetric conversion coefficients reinforces the robustness and reliability
of these findings, highlighting a clear advantage of S5-316L in protecting operational
personnel and the surrounding environment.

However, the potentially higher gamma spectral intensity in the 6 to 10 MeV range at
positions C, D, and E for housing tubes made of SS-316L calls for a thorough experimental
investigation to confirm this finding and understand its dosimetric implications. Future
experimental studies should focus on the detailed measurement of gamma-ray spectra
at these specific positions using high-resolution detectors and quantifying the resulting
gamma doses to validate the simulation predictions.

The proposed substitution of Al-6061-T6 tubes with SS-316L in the NC-9000 reactor
significantly enhances radiological safety and operational longevity. The superior gamma
attenuation provided by S5-316L leads to a notable reduction in ambient neutron dose, cre-
ating a safer environment for personnel. Furthermore, its superior corrosion resistance [64]
will likely prolong the operational lifetime of the reactor. While the material change may
decrease thermal and epithermal neutron fluence, this potential impact can be carefully
managed through considerations in the design of reactor physics, neutron physics, and
health physics experiments. The balance of these factors strongly supports the viability and
benefits of adopting SS-316L as the housing tube material, offering tangible improvements
in safety and durability for the NC-9000 reactor.

Based on the above, this study provides a solid foundation for considering SS-316L
as a viable and potentially advantageous alternative to Al-6061-T6 in the NC-9000 reactor,
particularly concerning radiological safety. Future experimental and analytical investiga-
tions will be essential to verify these findings and comprehensively evaluate the effects
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of this material substitution on the experimental performance and long-term operation of
the reactor.

5. Conclusions

The comparative MCNP5 simulation of Al-6061-T6 and SS-316L materials for the
tubes hosting fuel slugs in the subcritical nuclear reactor, Nuclear Chicago model 9000,
confirmed subcriticality in both cases while revealing distinct impacts on radiation behav-
ior. Al-6061-T6 was favored by its higher neutron fluence, whereas SS-316L effectively
attenuated peripheral gamma radiation and significantly reduced the neutron dose, thereby
enhancing radiological safety. The spectral similarity in gamma rays suggests that there is
no significant alteration for spectroscopic experiments. The superior corrosion resistance of
5S-316L implies greater potential durability. Despite a reduction in neutron fluence, the
improvements in radiological safety and structural longevity make SS-316L a promising
alternative. An experimental evaluation of SS-316L activation and gamma dose near the
fuel is recommended to confirm its long-term viability.
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6061-T6 A 6000 series aluminum alloy that has been heat-treated

Al Aluminum

Be Beryllium element

Bq Becquerel is the standard international unit of measurement for radioactivity
ICRP International Commission on Radiological Protection

ICRU International Commission on Radiation Units and Measurements

MCNP Monte Carlo N-Particle

NC-9000 Nuclear Chicago model 9000

Pu Plutonium element

SS-316L  316L stainless steel (low carbon, highly corrosion-resistant).
UAZ Autonomous University of Zacatecas
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