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Abstract Ensuring a reliable and uninterrupted supply of the essential medical isotope, technetium-99m (°”™Tc), remains a major
technical and organizational challenge. Because of its short half-life, ®™Tc is commonly obtained from **Mo/*™Tc generators,
making a continuous supply of molybdenum-99 (°”Mo) crucial for nuclear medicine. The production of *Mo via the **Mo(n,y)**Mo
reaction was investigated by Monte Carlo simulations with PHITS for a High-Current Accelerator-based Neutron Source (HICANS)
modeled after the High Brilliance neutron Source (HBS) design. Target-moderator-reflector (TMR) configurations were systemati-
cally varied to optimize neutron capture in natural Mo, with an HyO moderator and MgO reflector identified as the most practical
setup. A 3-cm-thick Mo plate provided the best balance between total yield and specific activity suitable for low specific activity
(LSA) Mo/*®™Tc generators, while concentrating irradiation on a proton beam-aligned plate appears advantageous for both yield
and handling. The results suggest that HICANS facilities such as the HBS could supply regional *Mo demand without relying on
fission reactors, while reducing waste and proliferation concerns.

1 Introduction

Technetium-99m (**™Tc), derived from its precursor molybdenum-99 (*Mo), is used in 80% of nuclear medicine diagnostic
procedures (~30 million annually), with~25% of demand in Europe and Germany alone performing ~ 60,000 procedures weekly
[1, 2]. The short half-lives of Mo (66 h) and ®™Tc (6 h) pose significant challenges. Disruptions in the production chain can delay
or cancel important medical procedures, with consequent effects on patients, their treatment, and their health [3].

%Mo is generally produced by fission of uranium-235 (>>>U) by irradiating enriched 233U targets in nuclear reactors [4, 5]. This
%Mo production pathway is very effective due to the high fission cross section of 233U (585 b) for thermal neutrons and the high
cumulative fission yield of *Mo (6.1%). About 26,000 Ci per week of *’Mo are shipped weekly from about 11 reactors worldwide
[1]. However, this production route generates significant radioactive waste and necessitates complex radiochemical processing and
non-proliferation measures. In Germany alone, the clinical demand corresponds to roughly 2,400 Ci (activity at the end of irradiation)
of Mo per week, underlining the importance of reliable alternative production methods [1].

Neutron capture of natural Mo via **Mo(n,y)*Mo is the most direct non-23>U-fission approach, where *Mo has an isotopic
abundance of 24.29% [6-10]. To achieve meaningful ®Mo activity through neutron capture, a high epithermal flux is required due
to the significantly higher radiative capture integral of Mo (6.5 barns) compared to its thermal cross section (0.13 barns) [11].
Though producing low specific activity (LSA) Mo, compared to fission of 233U, this method offers the advantages of a simplified
processing scheme and significantly reduced radioactive waste generation.

Several other alternative production routes were explored, including proton bombardment and fast neutron capture, photo-
neutron, and photo-fission processes [12—17]. In the proton-induced method, *™Tc is produced directly via the %°Mo(p,2n)**™Tc
reaction using enriched %Mo targets, but its short half-life limits distribution to regional use. Photo-neutron production relies on
bremsstrahlung photons from an electron accelerator to induce the (y,n) reaction in '%’Mo, while photo-fission involves photon-
induced fission of uranium targets; both methods face technical challenges such as high thermal power densities in the targets and
relatively lower production efficiencies [17].

Table 1 summarizes representative accelerator-based production routes for °Mo, highlighting differences in reaction mechanisms,
target materials, and production yields.
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Table 1 Comparison of
accelerator-based %Mo
production routes based on
EOI-equivalent activity [18, 19]

Facility/study

Production pathway

Beam type and

Target material

Reported output

energy
NorthStar medical 100Mo(y, ny?Mo Electrons 40 MeV Enriched 1Mo 2300 Ci/week per
radioisotopes target station
TRIUMF 100Mo(p, 20)°"™MTc  Protons 16-24 MeV  Enriched 1Mo 300-800 Ci/week
99m
Tc
SHINE 235y(n, D-T~ 14 MeV LEU<20% 235U ~15,000 Ci/week
Technologies fission)??Mo neutrons

As shown in Table 1, accelerator-based **Mo production routes differ significantly in reaction mechanism, target requirements,
and achievable activity. Fission-based systems (e.g., SHINE Technologies) provide the highest production levels and high specific
activity (HSA) ®Mo. Photonuclear approaches (e.g., NorthStar) yield lower activities and require enriched '°°Mo, producing LSA
9Mo. Cyclotron-based methods (e.g., TRIUMF) generate **™Tc directly and do not follow the generator supply model.

As large research reactors that currently supply most of the global %Mo inventory face periodic maintenance and age-related
shutdowns, it is important to assess whether these accelerator-based neutron sources could help stabilize the supply. The High Bril-
liance neutron Source (HBS) is a proposed high-current accelerator-based neutron source (HICANS) concept at Forschungszentrum
Jiilich in which fast neutrons are produced by protons impinging on a tantalum (Ta) target in a compact target-moderator-reflector
(TMR) assembly. Under the HBS design parameters considered here, a 70 MeV proton beam with an average current of 12 mA (12%
duty cycle) impinges on a water-cooled Ta target designed for heat fluxes up to 3 kW/cm? [20]. While the HBS is primarily designed
for neutron-scattering research, we assess the feasibility of using HBS-type TMR for regional °Mo production via *®Mo(n,y)**Mo.
The objective of this study is the end-of-irradiation °”Mo activity achievable for a 6-day irradiation, subject to maintaining a specific
activity compatible with LSA #Mo/?*™Tc generator concepts and the selection of moderator/reflector solutions that remain practical
from an engineering perspective. Neutron spectra and fluxes in natural Mo plates are obtained from Monte Carlo simulations with the
Particle and Heavy Ion Transport code System (PHITS), which was previously benchmarked against neutron activation experiments
to validate its ability to reproduce activation in neutron fields [21]. These simulations are then used to quantify attainable °Mo yields
and specific activities for systematically varied TMR configurations and to assess the contribution of such a facility to Germany’s
weekly Mo demand.

2 Methodology

The activity A (Bq) of *’Mo produced via the *®Mo(n,y)*Mo reaction during irradiation of a Mo sample of natural isotopic
abundance was calculated according to [21]:

m _ In(2) 15
A = N (ot + Iy (@) bepi +0 faA”d,_fu”)(l o ) "

where m (g) is the sample mass, N is the Avogadro number, M is the molar mass (M = 95.94 g/mol), h is the abundance of
%Mo (h = 0.2419), t, is the irradiation time (f, = 144 h), t, is the half-life of *Mo (f» = 65.94 h). The microscopic cross
sections include the thermal neutron cross section (o, = 0.131 b [22]), the resonance integral I,, («r), which depends on the neutron
spectrum shape parameter o (with I,,(0) = 6.552 b [22]), and the effective fast neutron cross section o f,5 obtained by convoluting
the energy-dependent cross section from the JENDL-4.0 library with the simulated fast neutron spectrum. @, @epi, Pfast TEPresent
the thermal, epithermal, and fast neutron fluxes within the sample, respectively. These fluxes were obtained from PHITS simulations
and converted from per-primary quantities to physical units of cm~2s~! by normalization to the assumed proton beam current.
The neutron spectrum shape parameter a and the corresponding resonance integral I, () were determined from the simulated
neutron spectra following the procedure described in [21]. Additional estimates were performed to evaluate the contribution of
100Mo(n,2n)*Mo reaction channel. The corresponding increase in predicted activity remained within approximately 13% of the
reported values. In this work #y, h, M, t1/2, o, and I,,(0) were treated as fixed inputs, while TMR configuration and plate position
were varied in the parameter scans. The quantities @, @epi, Prast, and « (and therefore I, («) and o,5) were obtained from
the simulation output files for each individual configuration. The mass m was determined by the modeled Mo plate geometry
and varies only with plate thickness. The predicted activities are subject to uncertainties associated with Monte Carlo statistical
errors, nuclear data evaluations, and geometrical modeling assumptions. PHITS [23] was previously benchmarked against neutron
activation experiments using an Americium-Beryllium (AmBe) neutron source and demonstrated agreement between simulations
and experimental measurements within approximately 15% [21]. In addition, variations between evaluated nuclear data libraries
may contribute to the overall predictive uncertainty. Although a dedicated sensitivity analysis using multiple nuclear data libraries
was beyond the scope of the present parameter study, previous experience with comparable activation calculations indicates that the
effects remain limited and would not alter the main conclusions of the present work.
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Fig. 1 Conceptual design of the TMR assembly and the arrangement of the Mo plates: a full 3d model, b cut along the xz-plane, ¢ cut along the xy-plane,
and d cut at the x—y origin

Fig. 2 Neutron energy spectra for
the plates positioned at 2 cm
distance from the Al casing with
5-cm Hy O moderator and Pb
reflector thickness
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3 Simulations

The fast, epithermal, and thermal fluxes within the Mo plates were extracted using Monte Carlo particle transport simulations
PHITS v3.22 with the JENDL-4.0 nuclear data library [24]. Each simulation was performed with 10% primary source particles. A
homogenous 70 MeV proton beam impinges on a Ta target producing fast neutrons, which are then moderated and reflected by
surrounding materials.

Moderator materials were selected based on high slowing-down power, favorable moderating ratio, and low-neutron absorption
cross sections [25, 26]. Four candidates were investigated: light water (H,O), heavy water (D,0), beryllium (Be), zirconium hydride
(ZrH;). Reflector materials were chosen for low absorption and high scattering cross sections [26], with three candidates evaluated:
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Fig. 3 99Mo activity (Ci) for an H, O moderator and Pb reflector (5 cm thickness)

lead (Pb), magnesium oxide (MgO), and beryllium (Be). Elemental compositions and mass densities for all materials in the PHITS
model were taken from [27].

The geometry of the simulated TMR assembly is shown in Fig. 1. The Ta target has a surface area of 12 x 24 cm? and consists
of a 0.6-cm Ta layer, a 1-cm water layer acting as the proton beamstop, and a 0.25-cm Ta back layer, leading to a total thickness
of 1.85 cm. This configuration produces fast neutrons and can handle heat fluxes up to 3 kW/cm? under active cooling [28, 29].
In this TMR design, a 0.3-cm-thick aluminum (Al) casing is placed 0.3-cm downstream of the Ta target, separating it from the
moderator. The average proton beam current was set to 12 mA, corresponding to a pulsed beam operation with a duty cycle of 12%,
and representing the maximum average current specified for radionuclide production in the accelerator Technical Design Report
(TDR) of the HBS project [20]. Moderator thicknesses were varied from 1 to 20 cm with 1-cm increments. Reflector thicknesses
were varied from 5 to 20 cm in 5-cm increments. Four natural Mo plates were placed inside the moderator: two large plates (12 x
24 ¢cm?;~3 kg each; Plates A and D) and two smaller plates (12 x 12 cm?;~1.5 kg each; Plates B and C), all with a thickness of
1 cm. Plates C, B, and D, referred to as the lateral plates, were oriented facing the proton beam, with the 12 cm dimension extending
along the beam axis.

Plate A, referred to as the axial plate, was placed on-axis and oriented facing the proton beam, with a 5-cm moderator layer
upstream. The plate positions relative to the moderator were systematically varied. Initially, all plates were placed directly against
the Al casing on the moderator side. The plates were then displaced in 0.5-cm increments up to 5 cm away from the casing. For the
case of a 1-cm moderator, plates B, C, and D were located directly adjacent to the casing, while only Plate A was shifted along the
beam axis due to spatial constraints.

4 Results and discussion
The configuration of Pb reflector and H>,O moderator, as specified in the TDR, was used as a reference to evaluate the effects of

alternative moderators, reflectors, and geometric variations. The neutron energy spectra in the Mo plates (Fig. 2) show that the axial
plate consistently receives the highest neutron flux across all energies and is therefore expected to yield the highest activity.
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Fig. 4 Mo activity (Ci) for a ZrH, moderator and Pb reflector (5 cm thickness)

Figures 3, 4, 5, 6 show the achievable Mo activity after 6-day irradiation, corresponding to a total delivered proton charge of
1728 mA h (~ 6221 C) based on an average beam current of 12 mA.

The axial plate produces the highest *Mo activity, while the lateral plates yield significantly lower values. Plate-target distance
is therefore the dominant factor for activation in the current TMR geometry, whereas increases in the moderator thickness have only
a minor effect once a minimum thickness is reached.

Comparison of moderators (Figs. 3, 4, 5 and 6) highlights two distinct regimes. Hydrogen-based moderators (H,O, ZrH»)
thermalize neutrons rapidly, so maximum activity is achieved with very thin moderator layers where the epithermal flux still
dominates.

In contrast, moderators with lower slowing-down power (DO and Be) require substantially larger thicknesses to reach higher
activity levels, with performance depending more strongly on moderator volume than on plate distance. These trends reflect the
expected spectrum-shaping behavior: hydrogen-based moderators favor compact assemblies, whereas D,O and Be require large
moderator volumes to build up epithermal flux.

Figure 7 shows the total activity from all the plates for an irradiation time of 6 days for the highest yielding configuration (i.e.
distance from Al casing and moderator thickness) for various reflectors, different reflector thicknesses, and corresponding moderator
materials. As seen in Fig. 7, increasing reflector thickness generally enhances the total activity by reducing neutron leakage, though,
for most cases, additional gains diminish beyond 10 cm reflector thickness.

A distinct behavior is observed for the Be-D,O reflector—-moderator combination, where the total activity continues to increase
beyond 10 cm reflector thickness. This trend indicates a favorable coupling between efficient neutron reflection in Be and moderation
in D,0. As the Be reflector thickness increases, a larger fraction of neutrons is reflected to the moderator with minimal absorption
losses, and D,O enables further moderation while preserving flux. This results in a more pronounced increase in neutron flux
contributing to the *®Mo(n,y)?*Mo reaction compared to Pb and MgO reflector cases. However, the apparent increase of the Be-
DO configuration above the Be-Be case is influenced by the fixed, non-optimized plate position used in this study. As the moderator
and reflector thicknesses increase, the spatial distribution of the neutron flux evolves and the location of the flux maximum shifts.
Under these conditions, the fixed plate position becomes more favorable for the Be-D,O configuration at larger reflector thicknesses.
Additional tests with independently optimized plate positions show that Be-Be configuration yields the highest activity, while the
Be-D,O case remains close but does not exceed it.
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Fig. 5 99Mo activity (Ci) for a DO moderator and Pb reflector (5 cm thickness)

A Be moderator combined with a Be reflector yields the highest activities due to its favorable neutronic properties. However,
neutron irradiation of Be is associated with swelling and tritium production, which can lead to material degradation and additional
safety and waste-management challenges. In the present TMR design context, these drawbacks are likely to outweigh the performance
gain and therefore limit the practical applicability of Be. Pb and MgO provide comparable neutronic performance, while MgO is
preferred from an engineering standpoint due to its lower density, which enables larger reflector volumes without imposing excessive
structural constraints.

Among moderators, ZrH; generally outperforms H,O and D, O across reflector configurations, except in combination with Be.
However, the application of ZrH» requires a solid moderator design with active cooling, adding engineering complexity that may
offset its performance advantage. D,O provides higher activity than H,O but is limited by cost, availability, and tritium production.
Considering these trade-offs, the combination of an MgO reflector with an H, O moderator emerges as the most practical configuration
for reliable *Mo production.

Having established the MgO-H, O system as the reference, with a moderator thickness of 5 cm and a reflector thickness of 20 cm,
we investigated the effects of varying the thickness of Plate A on the total Mo activity. This evaluation provides an estimate of the
production potential under different Mo loading scenarios.

In Fig. 8, the activity for a 6-day irradiation is given as a function of the axial plate thickness. As shown in Fig. 8a, increasing
axial plate thickness increases total activity. The activity maximum near 3 cm is caused by the competition between increasing target
mass and the reduction of neutron flux with depth. While thicker targets contain more **Mo atoms, neutron attenuation limits the
contribution of inner regions, so the increase in activity gradually saturates. In addition, resonance self-shielding may further suppress
activation in thicker samples. Because the present method used for activity calculation is based on grouped neutron spectra, it does
not fully resolve the fine resonance structure of the **Mo(n,y)°Mo reaction and may therefore underestimate self-shielding effects.
The predicted activity for thicker targets should therefore be interpreted with some caution. This trade-off between total activity
and specific activity is critical for generator applications because conventional alumina-column generators are originally developed
for high specific activity (HSA) **Mo, for which high loading densities enable compact columns and high eluate concentrations. In
contrast, neutron capture *’Mo is intrinsically LSA, so generator concepts must compensate by using modified sorbents or column
designs optimized for LSA *Mo [30-32]. Therefore, a 3-cm axial plate provides the best compromise between maximizing total
activity and maintaining the specific activity for LSA generator compatibility.
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Figure 8b further shows that the activity comparable to the four-plate setup can be achieved using a single axial plate, though
this would require thicknesses exceeding 4 cm. At such dimensions uncertainties in neutron self-shielding become significant and
require dedicated experimental validation [33].

Under the optimized MgO-H;O configuration with a 3-cm-thick axial plate and 6-day irradiation, production could
reach ~ 2,400 Ci, sufficient to meet Germany’s current weekly demand. The corresponding specific activity levels are compatible
with LSA generator concepts. Future work should focus on quantifying self-shielding effects, refining generator design, developing
automated plate handling, addressing radiation safety, and assessing long-term operational performance.
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5 Conclusions

This study investigated the feasibility of producing **Mo via the **Mo(1,y)°*Mo route in an accelerator-driven neutron source
modeled after the HBS design. The simulations were performed for a 70 MeV, 12 mA proton beam impinging on a Ta target capable
of sustaining heat loads up to 3 kW/cm? under active cooling. Various moderator configurations (H,O, DO, ZrH,, Be) and reflector
materials (Pb, MgO, Be) were systematically evaluated.

The results of the simulations show that:

e Mo plate—Ta target proximity is the dominant factor for activation, while moderator thickness has only a secondary effect once a
minimum value is reached.

e Hydrogen-based moderators (H,O, ZrH;) favor compact assemblies, whereas D, O and Be require thicker moderator volumes to
reach higher activities.

e An MgO reflector combined with an H>O moderator is the most practical configuration, balancing performance with engineering
feasibility and regulatory acceptance.

e In the four-plate layout, a 3 cm thickness for the axial plate (and 1 cm for the lateral plates) provides the best compromise between
total activity and specific activity, ensuring generator compatibility under LSA conditions.

e Irradiation at the axial position is significantly more efficient than lateral positions; thus, a single thicker axial plate could in
principle achieve the ~2,400 Ci needed to cover Germany’s weekly demand. However, neutron self-shielding in thick plates
remains a critical uncertainty that requires experimental validation.

Overall, the study demonstrates that accelerator-based neutron sources such as the one proposed by the HBS could offer a
viable non->3>U-fission route to **Mo production. Future work should focus on experimental quantification of self-shielding in
thicker plates, optimization of a single-plate design, generator development tailored to LSA Mo, automation of plate handling,
and assessment of long-term radiation safety and operational performance.
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