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ABSTRACT

The radionuclide Tc-99m is the most useful radioisotope in nuclear medicine. It can be produced by
the Mo-99 beta minus decay. Mo-99 has often been produced in a high-flux nuclear reactor through
radioactive neutron capture reactions on Mo-98. The present paper provides a preliminary design of
a toroidal transmutation system (TTS) based on a toroidal compact deuteron accelerator, which can
provide the Mo-98 transmutation into Mo-99. This system is essentially composed of a multi-aperture
plasma electrode and a target, submitted to 180 kV, where a positive deuteron beam is accelerated toward
a titanium-target loaded with deuterium in which nuclear d-d fusion reactions are induced. The Particle
Studio package of the Computer Simulation Technology (CST) software was applied to design, simulate
and optimize the deuteron beam on the target. MCNP code provided to neutronic analysis. Based on
electromagnetic and neutronic simulations, the neutron yield and reaction rates were estimated. The
simulated data allowed appraising the Mo-99 activity. A TTS, in a specific configuration, could produce
a total deuterium corrent of 1.6 A at the target and a neutron yield of 1013 n.s−1. In a arrangement of
30 colunm samples, TTS provides 230 mCi s−1 Mo99 in each column, which represents 80% of Tc-99m
in secular equilibrium. As conclusion, the system holds potential for generating Mo-99 and Tc-99m in a
suitable activity in secular equilibrium.

1. INTRODUCTION

Technecium (Tc) was the first artificial element discovered, preliminarily obtained by
bombarding natural molybdenum (Mo) with 8 MeV deuterons in the cyclotron of Ernest
Orlando Lawrence’s Radiation laboratory [1]. The radioisotope Tc-99m is used in about
two-thirds [2, 3, 4, 5] of all diagnostic medical isotope procedures. Tc-99m decays mainly
by isomeric transition, slightly less than 88% of the time. About 98.6% results in 140.5
keV gamma rays and the remaining 1.4% emittes gammas of a slightly higher energy at
142.6 keV [6].

Diverse routes for generating Tc-99m are available [2]. Among them, the main commercial
method to obtain Tc-99m is based on technetium generator, which is a device used to
extract the radioisotope Tc-99m from a pre-irradiated Mo-99 matrix source. Besides,



the Mo-99 matrix was previously obtained by the neutron activation of Mo-98 in a high
neutron flux nuclear reactor [7].

Nuclear reactors can provide high level of neutron flux and Mo-99 in high activity; how-
ever, reactors are complex, costly, large size equipments and may drive toward unsafety
conditions. On the other hand, the matrix of Mo-99 radioisotope sealed-source emits ra-
diation whose strengths decay in time toward a useless condition; thus, there is the need
periodic replacement. Moreover, these sources are associated with continuum radiation
protection requirements. Another method of neutron generation is represented by particle
accelerators. This device may provide advantages over the other two available neutron
sources, since it is able to turn off [8, 9].

Searching new solutions for Tc-99m production, this paper presents a toroidal transmuter
system and describes the electromagnetic and neutron transport evaluations in order to
estimate the transmutation of Mo-98 into Mo-99.

2. THE TRANSMUTATION TOROIDAL SYSTEM

Transmutation toroidal system (TTS), described in detail by the Araujo and Campos
patent [13], is presented in Figure 1 as baseline. The fundamental components are: a
plasma chamber (14) of toroidal geometry, which produces and delivers deuterium ions; a
set of electrodes: the plasma (15) and target electrodes (16); a cylindrical casing contain-
ing a neutron moderator (17); a sample receptacle (18) or many; and, a neutron reflector
casing (20) and a radioactive shield structure (21) in the shapes of an outer containment
(Figure 2).

a b c

Figure 1: Key elements of the TTS: plasma chamber (14), plasma electrode
(15), target (16), moderator (17), site for sample inserction (18), sample

receptacle (19) and neutron reflector (20). (a) TTS with the plasma
chamber (14), (b) without the plasma chamber and (c) with the reflecting

structure (20).

Figure 3 presents a semitransparent model of the TTS highlighting the sample receptacle
(18).

Figure 4 shows a variation of the TTS sample receptacles, in which case they may take
the shape of cylindrical containers (24) inserted into the moderator medium.
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Figure 2: Reflection and neutron shielding system, where are shown the
lateral (21) and upper shields (22), the reflectors (20) and the moderator

(17).

Figure 3: TTS in a semi-transparent three-dimensional model highlighting
the sample receptacle (18).
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Figure 4: Cylindrical containers (24) in the moderator medium (17), where
also are shown the target electrode (16) and the electrical insulator (23).

3. ELECTROMAGNETIC AND NUCLEAR SIMULATIONS

The TTS, used on the electromagnetic and nuclear simulations (ES and NS), held a
cylindrical plasma electrode with 25-cm internal and 26-cm external radii, with 3 cm in
lenght. The plasma electrode held 54 conical openings, having a small 2.5-mm and 4-mm
radii. The toroidal target electrode had 15-cm internal and a 20-cm external radii, with
cutting in toroidal shape of 14-cm internal and 18.8-cm external radii. Figure 5 shows
the equipotential lines inside TTS.

The trajectory and energetic profiles of the deuteron beam in the TTS acceleration envi-
ronment are shown in Figure 6.

The yield (γ) of the generator, considering a deuteron beam composed of monoatomic
and molecular species impinging on a titanium target loaded with deuterium, could be
appraised considering the following equation 1 [9]:

γ =
ηd i

e

2∑
k=1

kfk

∫ E

0

σdd(E)
dE/dx

dE, (1)

in which ηd is the number of deuterons per cm3 in the target, i is the beam current,
σdd(E) is the neutron cross-section of the d-d fusion reaction in function of deuteron
beam energy. Ion species are weighted by their fraction fk and their number of nuclei k
per ion. (dE/dx)(E) is the molecular stopping power of the target loaded with deuterium.
We also apply Bragg’s Law to determine the stopping power in the target [10].

After obtaining the neutron yield, the neutron source was defined based on a neutron
emission spatially distributed on the target surface. The spatial distribution of scatter
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Figure 5: Equipotential lines inside the TTS, where the plasma electrode
(15), the target (16), the moderation region (17), the sample receptacle (19),

the plasma chamber (14) and the reflector (20) are shown.

Figure 6: Deuteron beam energy profile in the TTS acceleration
environment, defined between the plasma electrode (15) and the target (16).

The sample receptacle (18) and the moderator (17) are also pointed.
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neutrons and its spectrum in the moderator’s volume were found by the neutronic simu-
lations. The degradation of neutron spectrum was reproduced, showing the slowing-down
process in which the 2.45 MeV neutron emitted by d-d fusion generated the thermal
spectrum. Neutron flux was evaluated in MCNP5 [11] simulations, which performed the
neutron transport in the TTS, from the target emission, emerging with rapid energy (2.45
MeV) to thermal flux.

The neutron interactions in the samples was also investigated.

The macroscopic cross-sections of the material samples were evaluated in the sample
positions (18), multiplying the microscopic cross-section of the (n,γ) neutron capture
reactions provided by the ENDF-B.8 library [12], dependent on the energy, to the neutron
flux, normalized by the amount of neutrons emitted from the source and, finally, by the
volumetric atomic density to be transmuted, in units of atoms (at.) cm−3. Then, a
volumetric transmutation of radioisotopes per neutron Rv were evalauted, like shown in
the equation 2. This was multiplied by the neutron yield γ and by volume V of samples.
The result were inserted in equation 3 which defines the sample activity in the function
of the irradiation time.

Rv = ρ ω
NA

A

〈σZ(E)φ(E, r)〉
p

, (2)

where ρ represents the density of the sample representative material (Z), NA is the Avo-
gadro number, A is the atomic mass of the compound isotope Z to be transmuted, ω
is the chemical fraction multiplied by the isotopic fraction of the Z isotope in the com-
pound, and σZ(E) is the neutron absorption cross-section of the isotope and φ(E, r) is
the neutron flux at the position r from the moderator, both energy dependent. The term
σZ(E)φ(E, r) per particle p is evaluated by the MCNP code, in a given position moderator
r and integrated in the domain of the energy spectrum, between thermal energy and 2.5
MeV.

A(t) = γRvV (1− e−λt), (3)

in which λ is the product transmutation decay constant. The volumetric transmutation
rate can be calculated by the equation 2.

The TTS, in this conformation, was capable of producing a total current of deuterons at
the target of 1.621 A and and a neutron yield of 1013 n s−1.

Figure 7 shows the neutron flux spectrum at the center of the TTS and at the edge of the
moderator. As expected, it is observed that in the center of the moderator, the amount
of the 2.5 MeV fast neutrons was slowing-down and the number of thermalized neutrons,
less than 0.1 eV, increased.

Let us consider the Mo-98 in the shape of Mo-Zr to be transmuted into free Tc-99m.
The metal-ceramic matrix composite is constituted in the shape of porous zirconium-
molybdenum powder to be irradiated in columns in the transmutation cell. A number of
30 columns, 3-cm in diameter and 10-cm in height, have a volume of 2-dm3, with a mass
of Mo-99 corresponding to 200 g, corresponding to a density of nuclides of 0.000614592 at-
cm−3. The term σZ(E)φ(E,r)/p, represented by the neutron flux multiplied by the microscopic
cross-section of Mo-98, in the central region, generated in a sphere positioned in the
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Figure 7: Energy spectrum of the neutron flux, normalized as a function of
the incident neutrons at TTS.

moderator, was 0.00051925. Multiplying this value by the incoming neutrons from the
source and by the nuclide density in the sample receptacle yields 1.23×108 reactions s−1

cm−3, which is 7.06 Ci s−1, for thirty columns arranged internally in the moderator. Each
column would be capable of continuously producing, in secular equilibrium, 230 mCi s−1

of radioactive Mo-99, which under normal elution conditions produces 80% of this activity,
providing radioactive technetium, Tc-99m. In TTS, The Mo-Zr matrix does not need to
be replaced. Indeed, it provides Tc-99m in a secular equilibrium. A usual application of
Tc-99m in diagnostic make the use of 5mCi of Tc-99m per application. For 20 patients
daily, 500mCi is a suitable daily activity often eluated in a Nuclear Mediciine Clinic. The
TTS provides such activity easily.

4. CONCLUSIONS

TTS technology is compact device having the potential for Mo-99 productions at the
site of its application, for example in hospitals and clinics. Another relevant aspect of
TTS is the ability to start run or stop the operation, powered by electrical potentials
in the order of 200 kV. Thus, upon stop run and removed the samples, the radiation
emittion is finished, equivalent to a conventional X-ray apparatus. A TTS configuration
was investigated and shown a total deuterium corrent of 1.6 A at the target and a neutron
yield of 1013 n.s−1. In a arrangement of 30 colunm samples, such TTS provides 230mCis−1

Mo99 in each column, which represents 80% of Tc-99m in secular equilibrium. Thus, the
system holds potential for generating Mo-99 and Tc-99m in a suitable activity in secular
equilibrium.
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