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Introduction 
The current way of producing Mo-99, one of the key medical isotopes worldwide with tens of millions of 
diagnoses per year, does not have a long-term perspective. The used fission of U-235 in nuclear reactors 
is not sustainable due to reactor age, the high-level radioactive waste generated and proliferation 
concerns. Here we present an alternative factory design where Mo-99 is produced by electron irradiation 
of stable Mo-100. This SMART factory, which is under development at IRE in Fleurus, Belgium [1], 
overcomes all abovementioned challenges. 

Figure 1: Production method of medical Mo-99 in the SMART factory. A high intensity, high-energy 
electron beam hits a Mo-100 target, which is partially converted to Mo-99 via Bremsstrahlung-induced 
gamma-n reactions. A large shower of unwanted, high-energy photons and neutrons is released in the 
process that need to be shielded to protect the environment around the exposure cell.   

Design considerations  
In this design, the partial conversion of Mo-100 target to Mo-99 is achieved by irradiation with a 75 MeV 
electron beam (see Fig. 1). This energy is high enough to trigger the desired Bremsstrahlung-induced 
gamma-n reaction. To produce enough Mo-99 in that way and to achieve a high specific activity, a high 
current and current density on the target is required. Specifically, 2 MW of power is dissipated in a Mo-
100 target the size of a matchbox (see Fig. 2a, basement). Consequently, the target is subject to high heat 
loads and material degradation due to radiation damage. Further, an intense shower of unwanted, high-
energy photons and neutrons is released in the process. Those need to be shielded to protect the 
environment, personnel as well as electronic equipment in the harvest module (Fig 2a, ground floor) 
where the activated Mo-100 is extracted from the target.   

We use the Monte-Carlo tool FLUKA to simulate the production rates of Mo-99 in the target as well as 
radiation damage (dpa), heat loads as well as radiation doses and component activation. The simulation 
output guides concept design (Fig. 2a) for the target itself as well as all surrounding equipment, the shield 
and the surrounding building. For all components, thermo-mechanical robustness and minimal material 
degradation and radiation dose outside the shield need to be guaranteed. For this purpose, we have in-house 
expertise in FLUKA, radiation and shielding architecture, flow and thermal architecture, mechanical 
engineering and material sciences relevant for radiation damage. For example, to define the shielding and 
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the distinction between hot zones and zones safe for operators, complex cascades of nuclear side-reactions 
and particle transport through the exposure and harvest module (see Fig. 2a) need to be captured correctly. 
Since the dose rate spans many orders of magnitude from inside the target to the required low dose rate in 
the safe zones and the activation has to be evaluated in all parts of the building, advanced biasing techniques 
are required to achieve good statistics and computation times. This allows for fast iteration with the 
mechatronic and thermal design.  

To test the proposed factory design (Fig. 2a), we developed a scaled-down demonstrator (Fig. 2b) using the 
same design process combining Monte-Carlo simulations with other design disciplines. For example, the 
shielding stack (from inside to outside: lead in blue, polyethylene in black and borated polyethylene in 
white) follows directly from the FLUKA results.   

Figure 2: SMART concept on large and small scale. a, Schematic representation of the SMART 
factory design. The high-radiation exposure zone in the basement and the hot-cell for target 
harvesting are separated from the zone safe for operators (green). b, Photograph of a miniaturized 
version of SMART designed as verification setup for radiation damage and cooling concept at the 
ELBE beamline at HZDR. 

Conclusions & Outlook 
Our work combines advanced mechatronics and the knowledge of Monte-Carlo-based radiation 
simulations to come up with engineering solutions in an extreme radiation environment [2]. This 
combination is crucial to develop the SMART factory but is equally applicable to a wide range of medical 
devices, both in imaging and radiotherapy.  
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