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ABSTRACT

Neutron generators are device-based particle accelerators for producing neutrons through fusion reactions
between hydrogen isotopes. Such devices may enable noninvasive treatments of head and neck tumors,
which represent about one hundred twenty-nine thousand cases per year around the world. The present
paper shows electromagnetic and nuclear simulations of a neutron generator coupled to collimator and
evaluations of radiation dose in an analytical head phantom irradiated by the device. The results provide
the generator design and the operation parameter in order to achieve prescribed tumor dose. Also, dose
distribution in organs of head is presented, being suitable to surrounding brain tumors close to the skull.
As conclusion, there is a visibility of neutron generator applied to brain tumor radiation therapy.

1. INTRODUCTION

Neutrons hold a negligible electric charge, thus they virtually do not experiment electro-
magnetic fields. Indeed, when they penetrate in the matter, they can directly impinge
on nuclei producing peculiar interactions. In this process, the nucleus can scatter or ab-
sorb the neutron generating an excited composed nucleus, which may split in two nuclei
or decay producing radiation, such as fast neutrons, charged particles or gamma photons
[1, 2]. These interactions lead to valuable particle products that are the key to remarkable
applications including areas of engineering, environment, science, industry and medicine
[3].
There are three basics types of neutron production: nuclear reactors, radioisotope sources
and particle accelerators. Nuclear reactors can provide high level of neutron flux; never-
theless reactors are complex, expensive and possess large dimensions. Sealed radioisotope
source emits radiation whose strength decays with time. Hence, these sources are asso-
ciated with continuum radiation protection requirements. Another method of neutron
generation is represented by particle accelerators. In this case, the generator can be
assembled in compact dimensions. This device provides advantages over the other two
available neutron sources since it is mobile and able to be turned off. Neutron generators
are generally applied in homeland security [4], medicine [5, 6], industry [7, 8], geology
[9, 10], and general research [11, 12]. Portable neutron generators have become extraor-
dinary tools in field applications or facilities with space constraints [13].
The essence of a small size neutron generator comprises the design of a modern and com-
pact accelerator, a gas-control reservoir, a plasma and ion source to generate the particle
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Figure 1: Cross sections of neutron production for 2H [16] and 3H [17] target
bombarded by deuterons.

beam, and a metal target loaded with deuterium (2H) or tritium (3H) hydrides. The
plasma source produces the ions generally through magnet and electrode configurations
or radio frequency antenna. Subsequently, the deuterium or tritium ions, deuterons (d)
or tritons (t), are accelerated by an electrode system toward a hydride target loaded with
deuterium, tritium, or a mixture of both; in which the neutron generation reactions occur.
Those reactions are described by the system equation 1 [14]. The cross-sections in func-
tion of energy for both reactions are shown in Fig. 1. Neutrons are emitted with energy
of 2.45 MeV from d-d and 14.1 MeV from d-t reactions [15].{

d + 2H→ 3H + n + 3.27 MeV
d + 3H→ 4H + n + 17.6 MeV

(1)

Accelerator-based neutron generator devices may present as fundamental tool in the treat-
ment of radioresistant tumors, such as nervous tissue. The goal of this paper is to present
a compact d-d neutron generator and its electromagnetic simulations together with an
analysis of radiation depth dose in an analytical head phantom by means of MCNP sim-
ulation.

2. METHODS

2.1. The codes

Electromagnetic and nuclear codes were employed in this paper for the design and simu-
lations. The package used to manage the accelerator geometry is the CST Design Studio,
providing a universal platform to deliver the whole process of development and accom-
plishment of the project. The particle tracking simulations were evaluated by CST Particle
Studio, which is a specialized tool for design and analysis of 3D particle accelerators. This
code is based on electromagnetic solvers of CST Studio class and incorporates modeling
tools, as well as algorithms and simulators Mafia-TS [18]. Monte Carlo N-Particle Trans-
port Code (MCNP) version 5, well known in the literature for the simulation of processes
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of interaction of radiation with biological tissues [19], was applied in the analysis of nuclear
processes.

2.2. CST Simulation

A cylindrical linear accelerator with 6 cm of radius and lenght of 9.2 cm was designed
based on the multiple deuteron beams. The electrode geometry and configuration are
shown in Fig. 2. Table 1 presents the potentials in the electrodes.

Figure 2: Deuteron accelerator for neutron generation. From left to right
side: Plasma electrode, suppressor electrode, ground electrode, focusing

electrode and target.

Table 1: Potentials in the electrodes

Electrode Potential
(kV)

Plasma 30

Suppressor -0.9

Focusing 30

Target -150

The modeling of the plasma and ground electrodes in terms of position, geometry and
size of appertures were followed by the semi-empirical model described by (author?) 20.
The placement and geometry of the focusing and target electrodes was determined after
of exhaustive simulations and geometric adjustments. Diagnoses of beam current, the
equipotential lines and energy beam on the target were obtained by the simulations. The
results are presented in the section 3.
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2.3. Neutron yield estimation

The neutron 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 Equation (2) [21].

γ =
ηd i

e

2∑
k=1

kfk

∫ E

0

σdd
dE/dx

dE, (2)

where ηd is the number of deuterons per cm3 in the target, i is the beam current, e is the
electron charge, σdd(E) is the neutron production cross section of the fusion reaction d-d
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 apply the Bragg’s law of additivity [22] to determine the
stopping power in the target, as shown in the Equation (3).

dE

dx
=
dE

dx M
+ ηd

dE

dx d
, (3)

where the index M and d represents the metal and deuterium on the target. The stopping
power values was obtained by means of SRIM code [23]. Equation (2) was solved by
numerical integration, discretizing the energy in intervals of 30 keV and considering the
deuterium density in the target ρd equals to 3.76 g cm−3 [24]. Literature does not provide
enough cross-section data of d-d fusion in energies less than 100 keV in order to be
possible to reduce significantly the adopted value. The interval reduction will require an
interpolation of the experimental data. However, we can expect a soft variation of the d-d
cross-section at low energy (more critical and unknown data). Therefore, an interpolation
cannot bring abrupt alteration on the integral and therefore on the neutron yield. ηd is
given by ρdNA/ATi−d, where NA is the Avogadro number and AT i−d the hydride atomic
mass.

2.4. Parameters in the dose evaluation

An analytical head phantom developed in MCNP 5 code with similar composition to real
tissue, was employed to determine the radiation dose in depth. The phantom is shown in
Fig. 3.

The target accelerator was positioned at 2.5 cm from the calvaria, in the axis defined
by the dose calculation spheres presented in Figure 3a. Cylindrically collimated neutron
beam has a radius of 5 cm and energy of 2.45 MeV. Spheres for determination of depth
dose was set with 0.245 cm radius and are spaced with 0.5 cm from their centers. The
first sphere is located 4 cm from the source and 1.5 cm from the skin overlying the frontal
bone. The simulation took place with 10 million iterations.
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Figure 3: Analytical phantom designed in MCNP 5. a) Profile picture
showing dose evaluation spheres in the brain. b) Transversal cut of the brain

showing the eyes. c) Transversal cut showing the mouth and medulla.

3. RESULTS

3.1. Electromagnetic simulation

The behavior of the electric field is depicted by the equipotential lines shown in Fig. 4.
Note that it is divergent at the output of the extraction system and highly convergent
in the inner of the focusing electrode. As it approaches the target, the field tends to be
parallel.

Figure 4: Equipotential lines in the accelerator.

Diagnosis shown in Fig. 5 revealed an interesting beam path, showing the convergence of
the seven beams on the target without detecting collisions with the accelerator elements
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and providing 199 mA deuterons current with energy of about 180 keV into the target.
The result provides a neutron yield in order to 1012 neutrons s−1.

Figure 5: Deuteron beams: Trajectory and energy.

3.2. Nuclear evaluation

Table 2 presents the results of dose rate in those tissues due to the beam of neutrons and
secondary photons.

Table 2: Dose evaluation data

Organs Neutron dose (×10−3 Gy s−1) Photon dose (×10−3 Gy s−1)

Lower teeth 6.48 ± 0.03 0.978 ± 0.006

Upper teeth 8.18 ± 0.05 1.01 ± 0.08

Left eye 3.17 ± 0.04 0.129 ± 0.003

Right eye 3.18 ± 0.04 0.132 ± 0.003

Fig. 6 shows the behavior of the neutron dose rate in depth and the Fig. 7 shown the
profile of the dose rate due to secondary emissions of photons in depth.
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Figure 6: Behavior of neutron dose rate in deep.

Figure 7: Behavior of photon dose rate in deep.
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4. CONCLUSIONS

This paper presented a small high flux neutron generator based on multi-beam deuteron
accelerator. Such a device, with the geometry and potential defined in this paper, produces
a deuteron current of 199 mA with an energy of 180 keV on target through simulations
in CST. Calculations based on the current and beam energy at the target previously
simulated reported a yield of 1012 neutrons s−1. Dose rate data were obtained through
the analytical anthropomorphic head phantom and the results show that it is possible to
achieve doses on the order of a few tens Gy to 7.5 cm from the surface of the skull over
a period of 15 minutes irradiation. This dose is appreciable, considering the possibility
of applying the device to radiation therapy to treat superficial tumors. Significant dose
values were obtained in adjacent organs, which reflects the need to collimate the beam
more intensely. In the near future, a system of moderation will be incorporated into the
simulated system for investigations involving therapy for boron neutron capture.
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