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H I G H L I G H T S

• Target design for an accelerator-based method for Mo-99 production.
• Investigation on one-stage and two-stage methods using photoneutron in Mo-100.
• Target design using nuclear simulation by MCNPX2.6 and thermal analysis by COMSOL.
• Suggested conceptual design of the target includes nine Mo-100 stripe plates and cooling system.

A B S T R A C T

This work presents an alternative method for Mo-99 production as a parent nuclide of
Tc-99m which is the most used radioisotope in diagnostic imaging processes. Regarding
to some benefits of accelerator-based methods over reactor-based methods for Mo-99
production, the electron Linac-based method has been selected. In this way of production,
two approaches (one-stage and two-stage) are available using photoneutron reaction in
Mo-100 target using bremsstrahlung photons. The superiority of one-stage approach
and optimal dimension of target has been demonstrated by nuclear simulation using
MCNPX2.6 code. Thermal analysis of the optimized target has been performed by
COMSOL software, which has been led to select the indirect cooling system. The final
suggested conceptual design of the target includes nine Mo-100 stripe plates with 0.2,
3, and 30 cm in thickness, width and length, respectively which being surrounded by
two copper clamps as the cooling ducts. The velocity of 2.5 m/s of inlet coolant (water)
is sufficient for the suggested cooling system to satisfy the conditions of the turbulent
regime as the desired cooling regime.
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1 Introduction

The most widely used diagnostic radioisotope in the clini-
cal practice of nuclear medicine is Tc-99m, which covers 35
million diagnostic imaging processes annually (Peykov and
Cameron, 2014). 140 keV single-gamma emission, which
is proper for imaging, short half-life (about 6 h) with the
decrease in patient’s received dose and subsequently radi-
ation side effects, and also the capability of combination
with various carriers appropriate for different organs, are
the reasons of the widespread use of Tc-99m. Because
Tc-99m has a short half-life, Mo-99 (transforms into Tc-
99m in b decay mode (t1/2= 66 h)) is also produced as a
desirable option.

The research study on Mo-99 isotope supplies has been

reported by the American Medical Isotopes Production
Act of 2012 (AMIPA) in 2016, which shows most of the
global supply (about 95%) of Mo-99 for medical use is pro-
duced in seven research reactors (by irradiating uranium
targets) located in Australia, Canada, Europe, and South
Africa. The remainder (about 5%) of the global supply
is produced for regional use in other countries (National
Academies of Sciences et al., 2016).

Two major reactor-based methods are: (1) the process-
ing of fission products of U-235 target (about 6.1% of the
fissions leads to Mo-99 production) and (2) the neutron
activation of Mo-98 target (through the neutron capture
reaction) (National Academies of Sciences et al., 2016).
Some shortcomings of reactor-based methods are: (1) shut
down of the reactor (suddenly accidents, predetermined
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repairing programs or expired operating life), (2) unavoid-
able production of undesirable isotopes in products (with
the need to expensive separation process), and (3) the
need to HEU (high-enriched uranium) with more cost and
safety challenges to achieve Mo-99 with high activity (Na-
tional Academies of Sciences et al., 2016; Tsechanski et al.,
2016; Ross et al., 2010; Council et al., 2009). So, the alter-
native production methods as a short, middle or long-term
solution are necessary. According to this demand, differ-
ent researches have been followed for Mo-99/Tc-99m pro-
duction using non-reactor methods (Council et al., 2009;
Bradley, 2013; Esposito et al., 2017; Junior, 2017; Esposito
et al., 2013; IAEA, 2017; Fong et al., 2008).

Accelerator-based production is an alternative
method for direct Tc-99m production using cy-
clotron (100Mo(p,2n)99mTc) or Mo-99 production us-
ing high power electron linear accelerator (Linac) via
100Mo(γ,n)99Mo. Cyclotron-based method has a signifi-
cant production yield (JANIS, 2020a; Rovais et al., 2016),
but it may be limited in application due to the short
half-life of Tc-99m.

On the other hands, Linac-based method can be an
appropriate method due to Mo-99 production as well as
according to the safety and economic aspects (Ross and
Diamond, 2015; Diamond et al., 2017). Two main ap-
proaches, one-stage and two-stage approaches can be fol-
lowed using Linac. In two-stage approach, the electron
beam is converted to high-energy bremsstrahlung photons
in the high-density high-Z target (such as W or Ta), then
Mo-99 is produced via photoneutron reactions with en-
ergetic photons (energy more than the threshold of pho-
toneutron reaction) in the Mo-100 target (Diamond et al.,
2018). The description of the designed system by Cana-
dian Light Source (CLS) can be found in the related ref-
erence (Diamond et al., 2018).

In one-stage approach as a novel method (Tsechan-
ski et al., 2016), a target is electron-photon converter as
well as the photoneutron target simultaneously, so self-
absorption of photons in electron-photon converter can
be prevented and produced photons can participate di-
rectly in photoneutron reactions, which results the in-
creases in the production yield of Mo-99 (Tsechanski et al.,
2016). Argonne National Laboratory has conducted sev-
eral demonstrations of the technology in collaboration
with Los Alamos National Laboratory and proved the fea-
sibility of this approach (Dale et al., 2010; Fedorchenko
and Tsechanski, 2019) to produce activity of 190 Ci per
day using 33 MeV electron beam (120 kW) (Dale et al.,
2012).

In the present work, two above mentioned approaches
with different designs of Mo-100 target have been dis-
cussed based on Linac (photoneutron reaction) to ob-
tain the optimized target for Mo-99 production using
MCNPX2.6 Monte Carlo Code (Pelowitz, 2008). Be-
side the nuclear aspects in designing the target, thermal-
mechanical aspects should be also considered. Therefore,
cooling the target assembly with appropriate coolant and
applying proper conditions play a vital role in the target
design. In this work, thermal analysis of target has been
performed using COMSOL software (COMSOL, 2011).

According to these, the conceptual design of the tar-
get has been presented by considering nuclear-mechanical
features.

2 Materials and methods

The conceptual design of Mo-100 target including nuclear
calculation and thermal analysis has been performed us-
ing MCNPX2.6 code and COMSOL software, respectively
and the final design has been redesigned for working in
real conditions.

The first requirement to produce Mo-99 isotope
through to the bremsstrahlung and subsequently pho-
toneutron reaction in the Mo-100 is to provide an ap-
propriate electron source such as Linac. The energy as
well as the current of electron beam is the main effective
parameters. Through bremsstrahlung interaction in Mo-
100, photons with continues spectrum (low energy up to
endpoint energy equal to maximum electron energy) are
produced. The threshold energy and maximum cross sec-
tion of the photoneutron reaction in Mo-100 is about 9
and 14 MeV, respectively (JANIS, 2020b). According to
the relation between the produced bremsstrahlung spec-
trum and electron energy, high-energy electron beam be-
tween 25 and 45 MeV is needed. Fortunately, technology
of the high-energy industrial Linacs are available in recent
years (Brown, 2014) Linac with 30 MeV in energy and (1
mA in current) has been selected. So, the calculations of
upcoming results have been performed based on 30 MeV
continues electron beam with 1 mA in current. Although
the increase in electron energy up to 45 MeV increases
the production rate of photon, but the unwanted reaction
channels with high energy photons and photoneutrons will
produce undesired isotopes and particles as well (Bennett
et al., 1999). It should be noted that the average relative
errors of MCNPX2.6 Monte Carlo results are less than 5%.

3 Target design in two-stage approach

The two-stage approach, as described above, is a more
general and earlier method, which uses two separate tar-
gets. At first, high-density high-Z target such as tungsten
is used to produce high-energy photons. It should be noted
that other high-density high-Z targets (such as tantalum,
uranium, rhenium, etc.) can be also used as an electron-
photon converter (Torabi et al., 2013); but tungsten with
higher melting point, better thermal conductivity and easy
to access can be an appropriate choice. Figure 1 shows the
comparison between tungsten and tantalum photon pro-
duction yield (in the same saturated radius of 0.4 cm).
As Fig. 1 shows, it is important to calculate the yield
of high-energy photons with energy more than 9 MeV ac-
cording to threshold energy of photon for photoneutron
production (Fig. 2), which are effective in Mo-99 produc-
tion. Therefore, to achieve the highest effective photon
flux, the optimized thickness of the converter should be
determined.

In the next step, photons with energy more than
threshold energy of photoneutron reaction in Mo-100 tar-
get leading to Mo-99 production has been calculated.
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Figure 1: Comparison of the photon yield for W and Ta in
the same radius of 4 mm.

Figure 2: Cross section of Mo-99 production through pho-
toneutron interaction in Mo-100 target.

Figure 3: Schematic view of target geometry a) electron-
photon converter target, b) Mo-100 target.

Figure 4: Photon yield in the tungsten (electron-photon con-
verter target).

Figure 5: Photoneutron yield (equivalent to Mo-99 produc-
tion yield) in a Mo-100 cylindrical target.

Figure 6: Photon yield in hemispherical tungsten converter
(electron beam is incident on the convex side of hemisphere).
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