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Abstract
Results of a full 3D electromagnetic plasma fusion simulator are presented. It will enable investigations into the influence 
of structured electromagnetic potentials, anomalous magnetic moments, or charge cluster structures on the fusion yield. 
The simulator calculates fusion yields similar to those found in real world fusors. In addition, the ion energy and density 
are accurately simulated. Given that the ion properties arise from a full Maxwell solver there is ample evidence that this 
part of the simulation is accurate. Concluded with a recommendation for continued research.
 
PACS numbers: 52.65.-y, 41.20.-q, 28.52.-s

1. Introduction
Classical “hot” fusion reactions can occur at somewhat lower energy, 
due to known effects. The overarching principle here is lattice 
confinement fusion [1]. In lattice confinement fusion Deuterium 
in metal hydrides fuses more readily at lower energies than in a 
plasma. This is thought to be primarily due to electromagnetic 
screening provided by the lattice potential. In total this screening 
has demonstrably produced an enhancement of up to a factor of 
1000. This effect is also used to increase neutron yield in beam 
target fusion, where the target is a deuterated metal [2]. It has been 
suggested that locally in defects in metals the enhancement due to 
screening can reach twenty orders of magnitude [3]. This effect 
may also explain why in some electrostatic confinement fusors a 
Titanium electrode sometimes results in a higher-than-expected 
neutron production rate at lower energy.

These effects are generally produced with a classical fusion 
fuel, Deuterium, paired with a metal capable of forming a metal 
hydride or a catalyst. Evidence, where provided, seems to suggest 
in both metal hydrides and the catalysts the interesting reaction 
appears to be confined close to the surface of the material. It is 
known that lattice potentials can screen the repulsive Coulomb 
interaction, this can be enhanced in defects, but also at surfaces 
where the dimensionality is reduced from three to two. The latter 
also increases quantum tunnelling rates [3].

Phillips and Ordonez have suggested that when ions bombard 
a target material a large fraction of kinetic energy is transferred 
to the target electrons which dissipates as waste, however if 
electrons are degenerate, they can become effectively transparent 
as large energies are required to kick them to the next energy 
level. This enhances fusion yield as it increases the effective CoM 
(Center of Mass) energy between ion and target [4,5]. Electron 
degeneracy of this sort usually only occurs at extreme conditions 
such as in white dwarf stars. However, in superconductors at low 
temperatures and sometimes at high pressures electron degeneracy 
does occur as electrons form cooper pairs. Many of the metal 
Deuterides discussed previously do become superconducting 
at low temperature. In addition, Holmlid has suggested that his 
ultra-dense phase of Hydrogen forms a superconductor, based on 
measurements of a Meissner effect [6].

In addition to electron degeneracy, Widom and Larsen posit that 
localized condensed matter electric fields in metallic hydride 
surfaces can create electrons with large effective mass [7]. Heavier 
electrons can promote inverse beta decay, giving rise to neutrons, 
furthermore heavy electrons could, analogous to muons, catalyse 
fusion events. Related to this, recent theory and experiment have 
suggested alternate reaction channels for Deuterium Deuterium 
fusion near a 0+ threshold resonance. This occurs for very low 
D-D CoM energies. Here the two deuterium nuclei (spin zero) fuse 
to a He4 nucleus (also spin zero). The excited He4 nucleus cannot 
release energy via gamma emission due to angular momentum 
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considerations, so it emits energy through internal pair conversion, 
resulting in an electron positron pair [8,9].

It is well known that extremely high electric fields can deform 
the electrical structure of nuclei, altering the three-dimensional 
structure of the coulomb barrier. In these cases, fusion yield 
becomes directivity dependent. However, nuclear deformation 
is not necessary, as cited previously, in high power laser driven 
fusion the large electric field produced by a laser superposed on 
the nuclear electric fields can provide a lower and thinner coulomb 
barrier allowing for easier tunnelling. This is the motivation for 
producing a particle simulator, which simulates the motion of ions 
and electrons in an arbitrary potential.

2. Physical Description
Here, a start is made with a simple potential, such as found in an 
electrostatic fusor to validate the simulator. It is capable of tracking 
the positions of electrons and ions in an arbitrary geometry and 
potential. This enables examination of certain potentials for 
production of exotic ion/charge structures, which may amplify 
fusion. The fusion rate is calculated using a simple Bosch-Hale 
model. This fusion cross section is based on empirical observations 
of the fusion rate against CoM energy. Once an exotic structure 
is identified a separate simulation would be required to calculate 
the modified fusion cross section. In the next section physical and 
mathematical background of the particle simulator is described, 
followed by a code overview and simulation results for various 
settings.

2.1. Structure
The simulator tracks the charges, magnetic moments, positions 
and velocities of 105 − 108 macro-particles to determine the time, 
t and position, 
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sion rate is calculated using a simple Bosch-Hale model.
This fusion cross section is based on empirical observa-
tions of the fusion rate against CoM energy. Once an ex-
otic structure is identified a separate simulation would be
required to calculate the modified fusion cross section. In
the next section physical and mathematical background
of the particle simulator is described, followed by a code
overview and simulation results for various settings.

A. Structure

The simulator tracks the charges, magnetic moments,
positions and velocities of 105 − 108 macro-particles to
determine the time, t and position, r⃗ dependent charge

and current density (ρ(r⃗, t) and J⃗(r⃗, t) respectively) on
a three-dimensional discrete cartesian grid consisting of
up to 256× 256× 256 cells. The charge and current den-
sity are used to solve the inhomogeneous electromagnetic
wave equations in vacuum (where εo equals the permit-
tivity and µo the permeability) for the scalar, ϕ, and

vector potentials A⃗

∇2ϕ− εoµo
∂2ϕ

∂t2
= − ρ

εo

∇2A⃗− εoµo
∂2A⃗

∂t2
= −µoA⃗

by means of a 3D fast Fourier transform in space. The
second order time derivative is calculated via finite dif-
ference, simply by keeping copies of the potentials two
steps backwards in time. The scalar and vector poten-

tial are subsequently used to obtain the electric (E⃗p) and

magnetic (B⃗p) fields produced by the macro-particles in
the fusor:

E⃗p = −∇ϕ− ∂A⃗

∂t

B⃗p = −∇× A⃗

Computationally, the spatial and time derivatives are
solved simply with finite difference. At this point an

externally applied electric (E⃗e(r⃗, t)) and/or magnetic

(B⃗e(r⃗, t)) fields can be added to the field produced by
the macro-particles to obtain the total fields

E⃗tot = E⃗p + E⃗e(r⃗, t)

B⃗tot = B⃗p + B⃗e(r⃗, t)

One must make sure that the applied fields are solutions
to the wave equation so that the total energy is conserved.

For most simulations B⃗e(r⃗, t) = 0 and E⃗e(r⃗, t) = E⃗e(r⃗)
is a typical fusor potential where there exists a central

spherical grid at some negative potential, while the po-
tential at the edge is set to zero. Once the total elec-
tromagnetic field is determined, the force acting on each
macro-particle becomes

F⃗ = q(E⃗ + v⃗ × B⃗)

where q is the charge of the macro-particle and v⃗ its ve-
locity. This force is used to calculated the acceleration
and the updated positions and velocities of each macro-
particle by means of Euler integration. This can be done
classically or semi-relativistically. Larmor precession of
the macro-particles magnetic moment is also calculated.
With the new velocities the energy of each macro-particle
is determined and the D-D fusion cross section in a neu-
tral room temperature Deuterium background gas is de-
termined, using an empirical fit:

σ =
1

ϵ

A1 + ϵ(A2 + ϵ(A3 + ϵ(A4 + ϵA5)))

1 + ϵ(B1 + ϵ(B2 + ϵ(B3 + ϵB4)))
e−

√
ϵG/ϵ

with ϵ equals the energy in keV and Ai,Bi and ϵG the
empirical fit parameters. This cross section can be used
to calculate the fusion probability for the given time step.
In a similar way the elastic and inelastic scattering cross
section of each particle is calculated. They are used to
model the cool down of the plasma, simply by subtracting
a small fraction of the particles total energy related to the
total cross section seen by the particle.
As a final step the simulator checks for very slow parti-

cles, particles that are effectively so cold that they could
recombine and neutralize. This is done probabilistically,
using a two-dimensional logistic density function. The
colder a particle is and the longer it has been cold the
higher the probability is that it will neutralize:

p(E,C) =
(
1 + e

E−Eo
∆E

)−1 (
1 + e

C−T
∆T

)−1

where E equals the particle kinetic energy, C the number
of steps the particle has been “cold” (termed coldness),
E0 and T the transition energy and coldness respectively
and ∆E and ∆T characterising the width of the distribu-
tion. When a particle is neutralized, it is removed from
the simulation and a new particle is spawned at a random
location on the grid.
After completing all of these steps, the simulator starts

again at step one, determining the charge and current
density, using the updated particle positions and veloc-
ities, to determine the electromagnetic potentials. The
time step (∆t) has to be smaller than the time it takes for
light to cross a single cell (size ∆x). Hence, ∆t < ∆x/c
where c = (εoµo)

−1/2 is the velocity of light. Here this is
about one picosecond.
It is important to note that the positions and velocities

of each macro-particle is a continuous variable (to within
double precision), however the charge and current density
are calculated on the M ×M ×M grid which in terms of
resolution is much coarser than double or single precision.
This is computationally much cheaper than calculating
the field at the position of the mth particle produced by
N − 1 particles, N times for each time step.

 dependent charge and current density (ρ(
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ities, to determine the electromagnetic potentials. The
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the macro-particles magnetic moment is also calculated.
With the new velocities the energy of each macro-particle
is determined and the D-D fusion cross section in a neu-
tral room temperature Deuterium background gas is de-
termined, using an empirical fit:
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with ϵ equals the energy in keV and Ai,Bi and ϵG the
empirical fit parameters. This cross section can be used
to calculate the fusion probability for the given time step.
In a similar way the elastic and inelastic scattering cross
section of each particle is calculated. They are used to
model the cool down of the plasma, simply by subtracting
a small fraction of the particles total energy related to the
total cross section seen by the particle.
As a final step the simulator checks for very slow parti-

cles, particles that are effectively so cold that they could
recombine and neutralize. This is done probabilistically,
using a two-dimensional logistic density function. The
colder a particle is and the longer it has been cold the
higher the probability is that it will neutralize:
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where E equals the particle kinetic energy, C the number
of steps the particle has been “cold” (termed coldness),
E0 and T the transition energy and coldness respectively
and ∆E and ∆T characterising the width of the distribu-
tion. When a particle is neutralized, it is removed from
the simulation and a new particle is spawned at a random
location on the grid.
After completing all of these steps, the simulator starts

again at step one, determining the charge and current
density, using the updated particle positions and veloc-
ities, to determine the electromagnetic potentials. The
time step (∆t) has to be smaller than the time it takes for
light to cross a single cell (size ∆x). Hence, ∆t < ∆x/c
where c = (εoµo)

−1/2 is the velocity of light. Here this is
about one picosecond.
It is important to note that the positions and velocities

of each macro-particle is a continuous variable (to within
double precision), however the charge and current density
are calculated on the M ×M ×M grid which in terms of
resolution is much coarser than double or single precision.
This is computationally much cheaper than calculating
the field at the position of the mth particle produced by
N − 1 particles, N times for each time step.
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sion rate is calculated using a simple Bosch-Hale model.
This fusion cross section is based on empirical observa-
tions of the fusion rate against CoM energy. Once an ex-
otic structure is identified a separate simulation would be
required to calculate the modified fusion cross section. In
the next section physical and mathematical background
of the particle simulator is described, followed by a code
overview and simulation results for various settings.

A. Structure

The simulator tracks the charges, magnetic moments,
positions and velocities of 105 − 108 macro-particles to
determine the time, t and position, r⃗ dependent charge

and current density (ρ(r⃗, t) and J⃗(r⃗, t) respectively) on
a three-dimensional discrete cartesian grid consisting of
up to 256× 256× 256 cells. The charge and current den-
sity are used to solve the inhomogeneous electromagnetic
wave equations in vacuum (where εo equals the permit-
tivity and µo the permeability) for the scalar, ϕ, and
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by means of a 3D fast Fourier transform in space. The
second order time derivative is calculated via finite dif-
ference, simply by keeping copies of the potentials two
steps backwards in time. The scalar and vector poten-

tial are subsequently used to obtain the electric (E⃗p) and

magnetic (B⃗p) fields produced by the macro-particles in
the fusor:
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Computationally, the spatial and time derivatives are
solved simply with finite difference. At this point an

externally applied electric (E⃗e(r⃗, t)) and/or magnetic

(B⃗e(r⃗, t)) fields can be added to the field produced by
the macro-particles to obtain the total fields
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B⃗tot = B⃗p + B⃗e(r⃗, t)

One must make sure that the applied fields are solutions
to the wave equation so that the total energy is conserved.

For most simulations B⃗e(r⃗, t) = 0 and E⃗e(r⃗, t) = E⃗e(r⃗)
is a typical fusor potential where there exists a central

spherical grid at some negative potential, while the po-
tential at the edge is set to zero. Once the total elec-
tromagnetic field is determined, the force acting on each
macro-particle becomes

F⃗ = q(E⃗ + v⃗ × B⃗)

where q is the charge of the macro-particle and v⃗ its ve-
locity. This force is used to calculated the acceleration
and the updated positions and velocities of each macro-
particle by means of Euler integration. This can be done
classically or semi-relativistically. Larmor precession of
the macro-particles magnetic moment is also calculated.
With the new velocities the energy of each macro-particle
is determined and the D-D fusion cross section in a neu-
tral room temperature Deuterium background gas is de-
termined, using an empirical fit:
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with ϵ equals the energy in keV and Ai,Bi and ϵG the
empirical fit parameters. This cross section can be used
to calculate the fusion probability for the given time step.
In a similar way the elastic and inelastic scattering cross
section of each particle is calculated. They are used to
model the cool down of the plasma, simply by subtracting
a small fraction of the particles total energy related to the
total cross section seen by the particle.
As a final step the simulator checks for very slow parti-

cles, particles that are effectively so cold that they could
recombine and neutralize. This is done probabilistically,
using a two-dimensional logistic density function. The
colder a particle is and the longer it has been cold the
higher the probability is that it will neutralize:
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where E equals the particle kinetic energy, C the number
of steps the particle has been “cold” (termed coldness),
E0 and T the transition energy and coldness respectively
and ∆E and ∆T characterising the width of the distribu-
tion. When a particle is neutralized, it is removed from
the simulation and a new particle is spawned at a random
location on the grid.
After completing all of these steps, the simulator starts

again at step one, determining the charge and current
density, using the updated particle positions and veloc-
ities, to determine the electromagnetic potentials. The
time step (∆t) has to be smaller than the time it takes for
light to cross a single cell (size ∆x). Hence, ∆t < ∆x/c
where c = (εoµo)

−1/2 is the velocity of light. Here this is
about one picosecond.
It is important to note that the positions and velocities

of each macro-particle is a continuous variable (to within
double precision), however the charge and current density
are calculated on the M ×M ×M grid which in terms of
resolution is much coarser than double or single precision.
This is computationally much cheaper than calculating
the field at the position of the mth particle produced by
N − 1 particles, N times for each time step.
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tions of the fusion rate against CoM energy. Once an ex-
otic structure is identified a separate simulation would be
required to calculate the modified fusion cross section. In
the next section physical and mathematical background
of the particle simulator is described, followed by a code
overview and simulation results for various settings.
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determine the time, t and position, r⃗ dependent charge

and current density (ρ(r⃗, t) and J⃗(r⃗, t) respectively) on
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wave equations in vacuum (where εo equals the permit-
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steps backwards in time. The scalar and vector poten-

tial are subsequently used to obtain the electric (E⃗p) and

magnetic (B⃗p) fields produced by the macro-particles in
the fusor:

E⃗p = −∇ϕ− ∂A⃗

∂t

B⃗p = −∇× A⃗

Computationally, the spatial and time derivatives are
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the macro-particles to obtain the total fields
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to the wave equation so that the total energy is conserved.

For most simulations B⃗e(r⃗, t) = 0 and E⃗e(r⃗, t) = E⃗e(r⃗)
is a typical fusor potential where there exists a central

spherical grid at some negative potential, while the po-
tential at the edge is set to zero. Once the total elec-
tromagnetic field is determined, the force acting on each
macro-particle becomes

F⃗ = q(E⃗ + v⃗ × B⃗)

where q is the charge of the macro-particle and v⃗ its ve-
locity. This force is used to calculated the acceleration
and the updated positions and velocities of each macro-
particle by means of Euler integration. This can be done
classically or semi-relativistically. Larmor precession of
the macro-particles magnetic moment is also calculated.
With the new velocities the energy of each macro-particle
is determined and the D-D fusion cross section in a neu-
tral room temperature Deuterium background gas is de-
termined, using an empirical fit:
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with ϵ equals the energy in keV and Ai,Bi and ϵG the
empirical fit parameters. This cross section can be used
to calculate the fusion probability for the given time step.
In a similar way the elastic and inelastic scattering cross
section of each particle is calculated. They are used to
model the cool down of the plasma, simply by subtracting
a small fraction of the particles total energy related to the
total cross section seen by the particle.
As a final step the simulator checks for very slow parti-

cles, particles that are effectively so cold that they could
recombine and neutralize. This is done probabilistically,
using a two-dimensional logistic density function. The
colder a particle is and the longer it has been cold the
higher the probability is that it will neutralize:
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where E equals the particle kinetic energy, C the number
of steps the particle has been “cold” (termed coldness),
E0 and T the transition energy and coldness respectively
and ∆E and ∆T characterising the width of the distribu-
tion. When a particle is neutralized, it is removed from
the simulation and a new particle is spawned at a random
location on the grid.
After completing all of these steps, the simulator starts

again at step one, determining the charge and current
density, using the updated particle positions and veloc-
ities, to determine the electromagnetic potentials. The
time step (∆t) has to be smaller than the time it takes for
light to cross a single cell (size ∆x). Hence, ∆t < ∆x/c
where c = (εoµo)

−1/2 is the velocity of light. Here this is
about one picosecond.
It is important to note that the positions and velocities

of each macro-particle is a continuous variable (to within
double precision), however the charge and current density
are calculated on the M ×M ×M grid which in terms of
resolution is much coarser than double or single precision.
This is computationally much cheaper than calculating
the field at the position of the mth particle produced by
N − 1 particles, N times for each time step.

 and 

2

sion rate is calculated using a simple Bosch-Hale model.
This fusion cross section is based on empirical observa-
tions of the fusion rate against CoM energy. Once an ex-
otic structure is identified a separate simulation would be
required to calculate the modified fusion cross section. In
the next section physical and mathematical background
of the particle simulator is described, followed by a code
overview and simulation results for various settings.
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The simulator tracks the charges, magnetic moments,
positions and velocities of 105 − 108 macro-particles to
determine the time, t and position, r⃗ dependent charge

and current density (ρ(r⃗, t) and J⃗(r⃗, t) respectively) on
a three-dimensional discrete cartesian grid consisting of
up to 256× 256× 256 cells. The charge and current den-
sity are used to solve the inhomogeneous electromagnetic
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tivity and µo the permeability) for the scalar, ϕ, and
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by means of a 3D fast Fourier transform in space. The
second order time derivative is calculated via finite dif-
ference, simply by keeping copies of the potentials two
steps backwards in time. The scalar and vector poten-

tial are subsequently used to obtain the electric (E⃗p) and

magnetic (B⃗p) fields produced by the macro-particles in
the fusor:

E⃗p = −∇ϕ− ∂A⃗
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B⃗p = −∇× A⃗

Computationally, the spatial and time derivatives are
solved simply with finite difference. At this point an

externally applied electric (E⃗e(r⃗, t)) and/or magnetic

(B⃗e(r⃗, t)) fields can be added to the field produced by
the macro-particles to obtain the total fields

E⃗tot = E⃗p + E⃗e(r⃗, t)

B⃗tot = B⃗p + B⃗e(r⃗, t)

One must make sure that the applied fields are solutions
to the wave equation so that the total energy is conserved.

For most simulations B⃗e(r⃗, t) = 0 and E⃗e(r⃗, t) = E⃗e(r⃗)
is a typical fusor potential where there exists a central

spherical grid at some negative potential, while the po-
tential at the edge is set to zero. Once the total elec-
tromagnetic field is determined, the force acting on each
macro-particle becomes

F⃗ = q(E⃗ + v⃗ × B⃗)

where q is the charge of the macro-particle and v⃗ its ve-
locity. This force is used to calculated the acceleration
and the updated positions and velocities of each macro-
particle by means of Euler integration. This can be done
classically or semi-relativistically. Larmor precession of
the macro-particles magnetic moment is also calculated.
With the new velocities the energy of each macro-particle
is determined and the D-D fusion cross section in a neu-
tral room temperature Deuterium background gas is de-
termined, using an empirical fit:
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with ϵ equals the energy in keV and Ai,Bi and ϵG the
empirical fit parameters. This cross section can be used
to calculate the fusion probability for the given time step.
In a similar way the elastic and inelastic scattering cross
section of each particle is calculated. They are used to
model the cool down of the plasma, simply by subtracting
a small fraction of the particles total energy related to the
total cross section seen by the particle.
As a final step the simulator checks for very slow parti-

cles, particles that are effectively so cold that they could
recombine and neutralize. This is done probabilistically,
using a two-dimensional logistic density function. The
colder a particle is and the longer it has been cold the
higher the probability is that it will neutralize:
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where E equals the particle kinetic energy, C the number
of steps the particle has been “cold” (termed coldness),
E0 and T the transition energy and coldness respectively
and ∆E and ∆T characterising the width of the distribu-
tion. When a particle is neutralized, it is removed from
the simulation and a new particle is spawned at a random
location on the grid.
After completing all of these steps, the simulator starts

again at step one, determining the charge and current
density, using the updated particle positions and veloc-
ities, to determine the electromagnetic potentials. The
time step (∆t) has to be smaller than the time it takes for
light to cross a single cell (size ∆x). Hence, ∆t < ∆x/c
where c = (εoµo)

−1/2 is the velocity of light. Here this is
about one picosecond.
It is important to note that the positions and velocities

of each macro-particle is a continuous variable (to within
double precision), however the charge and current density
are calculated on the M ×M ×M grid which in terms of
resolution is much coarser than double or single precision.
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the field at the position of the mth particle produced by
N − 1 particles, N times for each time step.
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sion rate is calculated using a simple Bosch-Hale model.
This fusion cross section is based on empirical observa-
tions of the fusion rate against CoM energy. Once an ex-
otic structure is identified a separate simulation would be
required to calculate the modified fusion cross section. In
the next section physical and mathematical background
of the particle simulator is described, followed by a code
overview and simulation results for various settings.
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The simulator tracks the charges, magnetic moments,
positions and velocities of 105 − 108 macro-particles to
determine the time, t and position, r⃗ dependent charge

and current density (ρ(r⃗, t) and J⃗(r⃗, t) respectively) on
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tivity and µo the permeability) for the scalar, ϕ, and

vector potentials A⃗

∇2ϕ− εoµo
∂2ϕ

∂t2
= − ρ

εo

∇2A⃗− εoµo
∂2A⃗

∂t2
= −µoA⃗

by means of a 3D fast Fourier transform in space. The
second order time derivative is calculated via finite dif-
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Computationally, the spatial and time derivatives are
solved simply with finite difference. At this point an

externally applied electric (E⃗e(r⃗, t)) and/or magnetic

(B⃗e(r⃗, t)) fields can be added to the field produced by
the macro-particles to obtain the total fields

E⃗tot = E⃗p + E⃗e(r⃗, t)

B⃗tot = B⃗p + B⃗e(r⃗, t)

One must make sure that the applied fields are solutions
to the wave equation so that the total energy is conserved.

For most simulations B⃗e(r⃗, t) = 0 and E⃗e(r⃗, t) = E⃗e(r⃗)
is a typical fusor potential where there exists a central

spherical grid at some negative potential, while the po-
tential at the edge is set to zero. Once the total elec-
tromagnetic field is determined, the force acting on each
macro-particle becomes

F⃗ = q(E⃗ + v⃗ × B⃗)

where q is the charge of the macro-particle and v⃗ its ve-
locity. This force is used to calculated the acceleration
and the updated positions and velocities of each macro-
particle by means of Euler integration. This can be done
classically or semi-relativistically. Larmor precession of
the macro-particles magnetic moment is also calculated.
With the new velocities the energy of each macro-particle
is determined and the D-D fusion cross section in a neu-
tral room temperature Deuterium background gas is de-
termined, using an empirical fit:
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with ϵ equals the energy in keV and Ai,Bi and ϵG the
empirical fit parameters. This cross section can be used
to calculate the fusion probability for the given time step.
In a similar way the elastic and inelastic scattering cross
section of each particle is calculated. They are used to
model the cool down of the plasma, simply by subtracting
a small fraction of the particles total energy related to the
total cross section seen by the particle.
As a final step the simulator checks for very slow parti-

cles, particles that are effectively so cold that they could
recombine and neutralize. This is done probabilistically,
using a two-dimensional logistic density function. The
colder a particle is and the longer it has been cold the
higher the probability is that it will neutralize:
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where E equals the particle kinetic energy, C the number
of steps the particle has been “cold” (termed coldness),
E0 and T the transition energy and coldness respectively
and ∆E and ∆T characterising the width of the distribu-
tion. When a particle is neutralized, it is removed from
the simulation and a new particle is spawned at a random
location on the grid.
After completing all of these steps, the simulator starts

again at step one, determining the charge and current
density, using the updated particle positions and veloc-
ities, to determine the electromagnetic potentials. The
time step (∆t) has to be smaller than the time it takes for
light to cross a single cell (size ∆x). Hence, ∆t < ∆x/c
where c = (εoµo)

−1/2 is the velocity of light. Here this is
about one picosecond.
It is important to note that the positions and velocities

of each macro-particle is a continuous variable (to within
double precision), however the charge and current density
are calculated on the M ×M ×M grid which in terms of
resolution is much coarser than double or single precision.
This is computationally much cheaper than calculating
the field at the position of the mth particle produced by
N − 1 particles, N times for each time step.
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sion rate is calculated using a simple Bosch-Hale model.
This fusion cross section is based on empirical observa-
tions of the fusion rate against CoM energy. Once an ex-
otic structure is identified a separate simulation would be
required to calculate the modified fusion cross section. In
the next section physical and mathematical background
of the particle simulator is described, followed by a code
overview and simulation results for various settings.
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The simulator tracks the charges, magnetic moments,
positions and velocities of 105 − 108 macro-particles to
determine the time, t and position, r⃗ dependent charge

and current density (ρ(r⃗, t) and J⃗(r⃗, t) respectively) on
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second order time derivative is calculated via finite dif-
ference, simply by keeping copies of the potentials two
steps backwards in time. The scalar and vector poten-
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Computationally, the spatial and time derivatives are
solved simply with finite difference. At this point an

externally applied electric (E⃗e(r⃗, t)) and/or magnetic

(B⃗e(r⃗, t)) fields can be added to the field produced by
the macro-particles to obtain the total fields
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One must make sure that the applied fields are solutions
to the wave equation so that the total energy is conserved.

For most simulations B⃗e(r⃗, t) = 0 and E⃗e(r⃗, t) = E⃗e(r⃗)
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spherical grid at some negative potential, while the po-
tential at the edge is set to zero. Once the total elec-
tromagnetic field is determined, the force acting on each
macro-particle becomes

F⃗ = q(E⃗ + v⃗ × B⃗)

where q is the charge of the macro-particle and v⃗ its ve-
locity. This force is used to calculated the acceleration
and the updated positions and velocities of each macro-
particle by means of Euler integration. This can be done
classically or semi-relativistically. Larmor precession of
the macro-particles magnetic moment is also calculated.
With the new velocities the energy of each macro-particle
is determined and the D-D fusion cross section in a neu-
tral room temperature Deuterium background gas is de-
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with ϵ equals the energy in keV and Ai,Bi and ϵG the
empirical fit parameters. This cross section can be used
to calculate the fusion probability for the given time step.
In a similar way the elastic and inelastic scattering cross
section of each particle is calculated. They are used to
model the cool down of the plasma, simply by subtracting
a small fraction of the particles total energy related to the
total cross section seen by the particle.
As a final step the simulator checks for very slow parti-

cles, particles that are effectively so cold that they could
recombine and neutralize. This is done probabilistically,
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where E equals the particle kinetic energy, C the number
of steps the particle has been “cold” (termed coldness),
E0 and T the transition energy and coldness respectively
and ∆E and ∆T characterising the width of the distribu-
tion. When a particle is neutralized, it is removed from
the simulation and a new particle is spawned at a random
location on the grid.
After completing all of these steps, the simulator starts

again at step one, determining the charge and current
density, using the updated particle positions and veloc-
ities, to determine the electromagnetic potentials. The
time step (∆t) has to be smaller than the time it takes for
light to cross a single cell (size ∆x). Hence, ∆t < ∆x/c
where c = (εoµo)

−1/2 is the velocity of light. Here this is
about one picosecond.
It is important to note that the positions and velocities

of each macro-particle is a continuous variable (to within
double precision), however the charge and current density
are calculated on the M ×M ×M grid which in terms of
resolution is much coarser than double or single precision.
This is computationally much cheaper than calculating
the field at the position of the mth particle produced by
N − 1 particles, N times for each time step.
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sion rate is calculated using a simple Bosch-Hale model.
This fusion cross section is based on empirical observa-
tions of the fusion rate against CoM energy. Once an ex-
otic structure is identified a separate simulation would be
required to calculate the modified fusion cross section. In
the next section physical and mathematical background
of the particle simulator is described, followed by a code
overview and simulation results for various settings.

A. Structure

The simulator tracks the charges, magnetic moments,
positions and velocities of 105 − 108 macro-particles to
determine the time, t and position, r⃗ dependent charge

and current density (ρ(r⃗, t) and J⃗(r⃗, t) respectively) on
a three-dimensional discrete cartesian grid consisting of
up to 256× 256× 256 cells. The charge and current den-
sity are used to solve the inhomogeneous electromagnetic
wave equations in vacuum (where εo equals the permit-
tivity and µo the permeability) for the scalar, ϕ, and

vector potentials A⃗
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by means of a 3D fast Fourier transform in space. The
second order time derivative is calculated via finite dif-
ference, simply by keeping copies of the potentials two
steps backwards in time. The scalar and vector poten-

tial are subsequently used to obtain the electric (E⃗p) and

magnetic (B⃗p) fields produced by the macro-particles in
the fusor:

E⃗p = −∇ϕ− ∂A⃗

∂t

B⃗p = −∇× A⃗

Computationally, the spatial and time derivatives are
solved simply with finite difference. At this point an

externally applied electric (E⃗e(r⃗, t)) and/or magnetic

(B⃗e(r⃗, t)) fields can be added to the field produced by
the macro-particles to obtain the total fields

E⃗tot = E⃗p + E⃗e(r⃗, t)

B⃗tot = B⃗p + B⃗e(r⃗, t)

One must make sure that the applied fields are solutions
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For most simulations B⃗e(r⃗, t) = 0 and E⃗e(r⃗, t) = E⃗e(r⃗)
is a typical fusor potential where there exists a central

spherical grid at some negative potential, while the po-
tential at the edge is set to zero. Once the total elec-
tromagnetic field is determined, the force acting on each
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locity. This force is used to calculated the acceleration
and the updated positions and velocities of each macro-
particle by means of Euler integration. This can be done
classically or semi-relativistically. Larmor precession of
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With the new velocities the energy of each macro-particle
is determined and the D-D fusion cross section in a neu-
tral room temperature Deuterium background gas is de-
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with ϵ equals the energy in keV and Ai,Bi and ϵG the
empirical fit parameters. This cross section can be used
to calculate the fusion probability for the given time step.
In a similar way the elastic and inelastic scattering cross
section of each particle is calculated. They are used to
model the cool down of the plasma, simply by subtracting
a small fraction of the particles total energy related to the
total cross section seen by the particle.
As a final step the simulator checks for very slow parti-

cles, particles that are effectively so cold that they could
recombine and neutralize. This is done probabilistically,
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and ∆E and ∆T characterising the width of the distribu-
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ities, to determine the electromagnetic potentials. The
time step (∆t) has to be smaller than the time it takes for
light to cross a single cell (size ∆x). Hence, ∆t < ∆x/c
where c = (εoµo)

−1/2 is the velocity of light. Here this is
about one picosecond.
It is important to note that the positions and velocities

of each macro-particle is a continuous variable (to within
double precision), however the charge and current density
are calculated on the M ×M ×M grid which in terms of
resolution is much coarser than double or single precision.
This is computationally much cheaper than calculating
the field at the position of the mth particle produced by
N − 1 particles, N times for each time step.
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where E equals the particle kinetic energy, C the number of steps the 
particle has been “cold” (termed coldness), E0 and T the transition 
energy and coldness respectively and ∆E and ∆T characterising 
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the width of the distribution. When a particle is neutralized, it is 
removed from the simulation and a new particle is spawned at a 
random location on the grid.

After completing all of these steps, the simulator starts again at step 
one, determining the charge and current density, using the updated 
particle positions and velocities, to determine the electromagnetic 
potentials. The time step (∆t) has to be smaller than the time it 
takes for light to cross a single cell (size ∆x). Hence, ∆t < ∆x/c 
where c = (εoµo)

−1/2 is the velocity of light. Here this is about one 
picosecond.

It is important to note that the positions and velocities of each 
macro-particle is a continuous variable (to within double precision), 
however the charge and current density are calculated on the M × 
M × M grid which in terms of resolution is much coarser than 
double or single precision. This is computationally much cheaper 
than calculating the field at the position of the mth particle produced 
by N − 1 particles, N times for each time step.

2.2. Macro-Particles
A macro-particle represents a cluster of real microparticles such as 
electrons or ions. Computationally the macro-particle is a structure 
containing the following information:
i.	 Mass of a single micro-particle
ii.	 Charge of a single micro-particle
iii.	 Averaged magnetic moment (vector) of all the micro-particles 

x,y and z positions and velocities of the cluster
iv.	 Number of micro-particles contained within the cluster (also 

called weight)

At the time of this report a macro-particle is always purely 
electrons or purely deuterium ions, though in principle it is 
possible to use mixed clusters. The simulation is conducted such 
that the number of positive and negative macro-particles are equal, 
making the plasma as a whole neutral. The magnetic moments 
can be turned off to save major computational time as they do not 
have a significant effect on the simulation results when there is no 
magnetic field added (i.e. 

2.3. Basic Code Overview
The simulation executes the following basic steps:
i.	 All fields and potentials are set to zero.
ii.	 The particle positions are matched to their nearest grid cell 

and the charge and current of each macroparticle is distributed 
over the eight neighbouring corner cells.

iii.	 Solve the scalar and vector potentials using the wave equation 
and an FFT.

iv.	 Using these potentials the effective electromagnetic field is 
calculated.

v.	 Update the particles positions and velocities using the effective 
electromagnetic field (here also the external applied field at 
the position of the particle is superimposed analytically).

vi.	 Next the fusion cross section and probability are calculated 

using Bosch-Hale. In addition, the scattering probability is 
calculated and a stochastic energy loss to each macro-particle 
is applied.

vii.	 The final re-injector function checks the energy of each 
macro-particle. If this energy is below a certain threshold a 
“cold-time” counter starts. Based on the cold-time and the 
energy a probability is calculated that the particle neutralizes. 
A random number is drawn to determine whether or not that 
particle neutralizes. If the particle neutralizes a new particle 
is spawned at a random location in the chamber with zero 
kinetic energy (it will begin to accelerate in the applied field).

viii.	Repeat 1-7.
ix.	 9Occasionally the particles are sorted according to their 

positions. This speeds up the calculation process.

All calculations are done on a GPU which has thousands of 
processing units. Since each particle or grid cell can be treated 
independently, loops over particles and grid cells are made to be 
parallel and run at the same time on different processing units. 
Sometimes two processing units need to manipulate the same grid 
cell, which can obviously lead to computational instability. To this 
end we use “atomic” operations. In this case the computation is 
more careful to make sure that at no time two processing units 
try to modify the same variable. The GPU has hardware support 
for atomic operations up to float precession. Double precision for 
atomic operations is not supported at the hardware level, but it 
can be simulated. For this reason, in all scripts that require atomic 
operations we convert our double variables to float and then back 
to double.

2.4. Visualization
All data produced by the simulation can be visualised. A completed 
3D geometry can be inspected (see figure 1A) or a section can be 
chosen (see figure 1B). It can be complemented with the location 
of the particles in the gird (see figures 1C and D) and the velocity 
of the particles can be visualised at each time step by changing 
their position for increasing time starting from the position as the 
inspected time step (see figures 2A to C). This enable the inspection 
of the particle dynamics at each time step.

3. Simulation Results
To validate the simulator a standard Farnsworth fusor (see figure 
3) with a spherical central grid and a spherical wall is simulated. 
The fusor is assumed to be loaded with a Deuterium gas (at room 
temperature and a pressure of 1.38 Pa) and the ionisation fraction 
is assumed to be small 10−7 (dilute plasma). Below the charge 
structure for various applied voltages and grid sizes is examinated. 
In all cases the fusor has a radius of 5 cm. The radius of the 
cathode and the applied voltage is varied. 107 macroparticles 
are used on a grid of 256×256×256 cells. The time step is 1 ps 
and the total simulation time is 50 ns, after which an equilibrium 
has been reached. Depending on the geometry, a simulation with 
this number of cells and macro-particles takes between 14 and 24 
hours on a NVIDIA Tesla V100-SXM2-16GB [10].
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FIG. 1: Example of visualization of simulation: A completed
3D geometry can be inspected (A) or a section can be cho-
sen (B), complimented with the location of the particles in
the gird (C) and (D). Green dots represent Deuterium macro
particles; blue dots represent electron macro-particles.

(A) (B) (C)

FIG. 2: Example of visualization of the velocity of macro-
particles in the simulation: (A) side view of section of initial
location of the particles at the simulation time step. (B)
locations after a certain time, (C) locations at a later time.

and macro-particles takes between 14 and 24 hours on a
NVIDIA Tesla V100-SXM2-16GB [10].

A. 5 mm radius cathode at -100 kV

The fusor has a radius of 5 cm, while the negative
cathode at the centre has a radius of 5 mm, a thickness
of 1 mm and is held at -100 kV. Interestingly here the
steady state charge density shows a bump at a relative
distance of 0,2 (i.e. at 1 cm) from the centre of the fusor
(i.e. at a distance of about 5 mm from the cathode). At a

FIG. 3: Simple schematic of a Farnsworth Fusor. A spher-
ical chamber is charged with a low pressure Deuterium gas
and a high negative voltage applied to the central grid which
ionizes a fraction of the gas. Deuterium ions are accelerated
to fusion energies and collide with the surrounding unionised
gas leading to fusion.

relative radius of 0,1 one can see that the charge density
becomes 0 (this is inside the cathode) and a the centre
the charge density is positive again, where the density is
increasing towards the centre. Within the volume that is
surrounded by the cathode, the electron concentration is
0: they are always pushed away from the cathode. There,
the average energy of the deuterium ions is constant (≈
91 keV) as the electric field is 0 the Deuterium ions are
not accelerated any more.

FIG. 4: Charge and particle energy distribution as function
of relative distance to the centre of a fusor with radius of 5
cm and a cathode radius of 5 mm held at -100 kV. The left
vertical axis shows the particle concentration (full lines) and
the right one shows the average kinetic energy per particle
(dashed lines).

B. 10 mm radius cathode at -100 kV

In this simulation the negative cathode at the centre
has a radius of 10 mm, a thickness of 1 mm and is held at
-100 kV. The bump in the steady state charge density has
shifted to at a relative distance of 0,36 (i.e. at 1,8 cm)
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Figure 3: Simple Schematic of a Farnsworth Fusor. A Spherical Chamber is Charged with a Low-Pressure Deuterium Gas and a High 
Negative Voltage Applied to the Central Grid which Ionizes a Fraction of the Gas. Deuterium Ions are Accelerated to Fusion Energies 
and Collide with the Surrounding Unionized Gas Leading to Fusion
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3.1. 5 mm Radius Cathode at -100 kV
The fusor has a radius of 5 cm, while the negative cathode at the 
centre has a radius of 5 mm, a thickness of 1 mm and is held at 
-100 kV. Interestingly here the steady state charge density shows a 
bump at a relative distance of 0,2 (i.e. at 1 cm) from the centre of 
the fusor (i.e. at a distance of about 5 mm from the cathode). At a 

the charge density is positive again, where the density is increasing 
towards the centre. Within the volume that is surrounded by the 
cathode, the electron concentration is 0: they are always pushed 
away from the cathode. There, the average energy of the deuterium 
ions is constant (≈ 91 keV) as the electric field is 0 the Deuterium 
ions are not accelerated any more.
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becomes 0 (this is inside the cathode) and a the centre
the charge density is positive again, where the density is
increasing towards the centre. Within the volume that is
surrounded by the cathode, the electron concentration is
0: they are always pushed away from the cathode. There,
the average energy of the deuterium ions is constant (≈
91 keV) as the electric field is 0 the Deuterium ions are
not accelerated any more.

FIG. 4: Charge and particle energy distribution as function
of relative distance to the centre of a fusor with radius of 5
cm and a cathode radius of 5 mm held at -100 kV. The left
vertical axis shows the particle concentration (full lines) and
the right one shows the average kinetic energy per particle
(dashed lines).

B. 10 mm radius cathode at -100 kV

In this simulation the negative cathode at the centre
has a radius of 10 mm, a thickness of 1 mm and is held at
-100 kV. The bump in the steady state charge density has
shifted to at a relative distance of 0,36 (i.e. at 1,8 cm)

Figure 4: Charge and Particle Energy Distribution as Function of Relative Distance to the Centre of a Fusor with Radius of 5 cm and a 
Cathode Radius of 5 mm Held at -100 kV. The Left Vertical Axis Shows the Particle Concentration (full lines) and the Right One Shows 
the Average Kinetic Energy per Particle (Dashed Lines)

3.2. 10 mm Radius Cathode at -100 kV
In this simulation the negative cathode at the centre has a radius of 
10 mm, a thickness of 1 mm and is held at -100 kV. The bump in 
the steady state charge density has shifted to at a relative distance 
of 0,36 (i.e. at 1,8 cm) from the centre of the fusor (i.e. at a distance 

of 8 mm from the cathode). Within the volume that is surrounded 
by the cathode, the average energy of the deuterium ions is again 
constant (≈ 85 keV) and their concentration is approximately a 
factor 1,4 larger than before.

5

from the centre of the fusor (i.e. at a distance of 8 mm
from the cathode). Within the volume that is surrounded
by the cathode, the average energy of the deuterium ions
is again constant (≈ 85 keV) and their concentration is
approximately a factor 1, 4 larger than before.

FIG. 5: Similar to figure 4, except the radius of the cathode
is now 10 mm.

C. 5 mm radius cathode at -200 kV

To investigate whether the charge structure initially
seen in the previous sections is the result of a specific
electric field strength, a simulation is run with a 5 mm
cathode, but with increased field strength due to an ap-
plied voltage of -200 kV. The bump returns to approxi-
mately the same position as with the lower field strength
but the same geometry, giving credence to the idea that
the field strength itself is not relevant to the charge struc-
ture. Within the volume that is surrounded by the cath-
ode, the average energy of the deuterium ions is again
constant (≈ 176 keV) and their concentration is approx-
imately the same as in the first simulation (factor 1, 05).

FIG. 6: Similar to figure 4, except the cathode voltage is
now -200 kV.

D. 5 mm radius cathode at -50 kV

Next, the electric field strength was lowered using an
applied voltage of -50 kV. The bump disappears. Within
the volume that is surrounded by the cathode, the aver-
age energy of the deuterium ions is again constant (≈ 47
keV) and their concentration is approximately the same
as in the first simulation (factor 1, 05).

FIG. 7: Similar to figure 4, except the cathode voltage is
now -50 kV.

E. Fusion Yield for several geometries

The fusion rate as function of time is shown in figure 8.
After an initial phase, where the simulation starts from
an initial distribution of a homogeneous ion distribution
with no kinetic energy, the fusion rate stabilizes within
50 ns to a distribution with an energy and concentration
distribution as shown it the previous sections. The fusion
rates are consistent with high power fusors operated at
voltages between 50 and 200 kV [11]. The simulations
could overestimate fusion by a small margin, since grid
losses are not simulated. In figure 9 the distribution of

FIG. 8: Fusion per second against time steps for the 4 sim-
ulations.

Figure 5: Similar to Figure 4, Except the Radius of the Cathode is now 10 mm
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3.3. 5 mm Radius Cathode at -200 kV
To investigate whether the charge structure initially seen in the 
previous sections is the result of a specific electric field strength, 
a simulation is run with a 5 mm cathode, but with increased field 
strength due to an applied voltage of -200 kV. The bump returns 
to approximately the same position as with the lower field strength 

but the same geometry, giving credence to the idea that the field 
strength itself is not relevant to the charge structure. Within the 
volume that is surrounded by the cathode, the average energy 
of the deuterium ions is again constant (≈ 176 keV) and their 
concentration is approximately the same as in the first simulation 
(factor 1,05).

5

from the centre of the fusor (i.e. at a distance of 8 mm
from the cathode). Within the volume that is surrounded
by the cathode, the average energy of the deuterium ions
is again constant (≈ 85 keV) and their concentration is
approximately a factor 1, 4 larger than before.

FIG. 5: Similar to figure 4, except the radius of the cathode
is now 10 mm.

C. 5 mm radius cathode at -200 kV

To investigate whether the charge structure initially
seen in the previous sections is the result of a specific
electric field strength, a simulation is run with a 5 mm
cathode, but with increased field strength due to an ap-
plied voltage of -200 kV. The bump returns to approxi-
mately the same position as with the lower field strength
but the same geometry, giving credence to the idea that
the field strength itself is not relevant to the charge struc-
ture. Within the volume that is surrounded by the cath-
ode, the average energy of the deuterium ions is again
constant (≈ 176 keV) and their concentration is approx-
imately the same as in the first simulation (factor 1, 05).

FIG. 6: Similar to figure 4, except the cathode voltage is
now -200 kV.

D. 5 mm radius cathode at -50 kV

Next, the electric field strength was lowered using an
applied voltage of -50 kV. The bump disappears. Within
the volume that is surrounded by the cathode, the aver-
age energy of the deuterium ions is again constant (≈ 47
keV) and their concentration is approximately the same
as in the first simulation (factor 1, 05).

FIG. 7: Similar to figure 4, except the cathode voltage is
now -50 kV.

E. Fusion Yield for several geometries

The fusion rate as function of time is shown in figure 8.
After an initial phase, where the simulation starts from
an initial distribution of a homogeneous ion distribution
with no kinetic energy, the fusion rate stabilizes within
50 ns to a distribution with an energy and concentration
distribution as shown it the previous sections. The fusion
rates are consistent with high power fusors operated at
voltages between 50 and 200 kV [11]. The simulations
could overestimate fusion by a small margin, since grid
losses are not simulated. In figure 9 the distribution of

FIG. 8: Fusion per second against time steps for the 4 sim-
ulations.

Figure 6: Similar to Figure 4, Except the Cathode Voltage is now -200 kV

3.4. 5 mm Radius Cathode at -50 kV
Next, the electric field strength was lowered using an applied 
voltage of -50 kV. The bump disappears. Within the volume that 

is surrounded by the cathode, the average energy of the deuterium 
ions is again constant (≈ 47 keV) and their concentration is 
approximately the same as in the first simulation (factor 1,05).

5

from the centre of the fusor (i.e. at a distance of 8 mm
from the cathode). Within the volume that is surrounded
by the cathode, the average energy of the deuterium ions
is again constant (≈ 85 keV) and their concentration is
approximately a factor 1, 4 larger than before.

FIG. 5: Similar to figure 4, except the radius of the cathode
is now 10 mm.

C. 5 mm radius cathode at -200 kV

To investigate whether the charge structure initially
seen in the previous sections is the result of a specific
electric field strength, a simulation is run with a 5 mm
cathode, but with increased field strength due to an ap-
plied voltage of -200 kV. The bump returns to approxi-
mately the same position as with the lower field strength
but the same geometry, giving credence to the idea that
the field strength itself is not relevant to the charge struc-
ture. Within the volume that is surrounded by the cath-
ode, the average energy of the deuterium ions is again
constant (≈ 176 keV) and their concentration is approx-
imately the same as in the first simulation (factor 1, 05).

FIG. 6: Similar to figure 4, except the cathode voltage is
now -200 kV.

D. 5 mm radius cathode at -50 kV

Next, the electric field strength was lowered using an
applied voltage of -50 kV. The bump disappears. Within
the volume that is surrounded by the cathode, the aver-
age energy of the deuterium ions is again constant (≈ 47
keV) and their concentration is approximately the same
as in the first simulation (factor 1, 05).

FIG. 7: Similar to figure 4, except the cathode voltage is
now -50 kV.

E. Fusion Yield for several geometries

The fusion rate as function of time is shown in figure 8.
After an initial phase, where the simulation starts from
an initial distribution of a homogeneous ion distribution
with no kinetic energy, the fusion rate stabilizes within
50 ns to a distribution with an energy and concentration
distribution as shown it the previous sections. The fusion
rates are consistent with high power fusors operated at
voltages between 50 and 200 kV [11]. The simulations
could overestimate fusion by a small margin, since grid
losses are not simulated. In figure 9 the distribution of

FIG. 8: Fusion per second against time steps for the 4 sim-
ulations.

Figure 7: Similar to Figure 4, Except the Cathode Voltage is now -50 kV

3.5. Fusion Yield for Several Geometries
The fusion rate as function of time is shown in figure 8. After 
an initial phase, where the simulation starts from an initial 
distribution of a homogeneous ion distribution with no kinetic 

energy, the fusion rate stabilizes within 50 ns to a distribution with 
an energy and concentration distribution as shown it the previous 
sections. The fusion rates are consistent with high power fusors 
operated at voltages between 50 and 200 kV [11]. The simulations 
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could overestimate fusion by a small margin, since grid losses 
are not simulated. In figure 9 the distribution of the fusion rate as 
function of the distance to the centre of the fusor is shown for the 

4 simulations. There are some features in these distributions that 
require explanation.

5

from the centre of the fusor (i.e. at a distance of 8 mm
from the cathode). Within the volume that is surrounded
by the cathode, the average energy of the deuterium ions
is again constant (≈ 85 keV) and their concentration is
approximately a factor 1, 4 larger than before.

FIG. 5: Similar to figure 4, except the radius of the cathode
is now 10 mm.

C. 5 mm radius cathode at -200 kV

To investigate whether the charge structure initially
seen in the previous sections is the result of a specific
electric field strength, a simulation is run with a 5 mm
cathode, but with increased field strength due to an ap-
plied voltage of -200 kV. The bump returns to approxi-
mately the same position as with the lower field strength
but the same geometry, giving credence to the idea that
the field strength itself is not relevant to the charge struc-
ture. Within the volume that is surrounded by the cath-
ode, the average energy of the deuterium ions is again
constant (≈ 176 keV) and their concentration is approx-
imately the same as in the first simulation (factor 1, 05).

FIG. 6: Similar to figure 4, except the cathode voltage is
now -200 kV.

D. 5 mm radius cathode at -50 kV

Next, the electric field strength was lowered using an
applied voltage of -50 kV. The bump disappears. Within
the volume that is surrounded by the cathode, the aver-
age energy of the deuterium ions is again constant (≈ 47
keV) and their concentration is approximately the same
as in the first simulation (factor 1, 05).

FIG. 7: Similar to figure 4, except the cathode voltage is
now -50 kV.

E. Fusion Yield for several geometries

The fusion rate as function of time is shown in figure 8.
After an initial phase, where the simulation starts from
an initial distribution of a homogeneous ion distribution
with no kinetic energy, the fusion rate stabilizes within
50 ns to a distribution with an energy and concentration
distribution as shown it the previous sections. The fusion
rates are consistent with high power fusors operated at
voltages between 50 and 200 kV [11]. The simulations
could overestimate fusion by a small margin, since grid
losses are not simulated. In figure 9 the distribution of

FIG. 8: Fusion per second against time steps for the 4 sim-
ulations.

Figure 8: Fusion Per Second Against Time Steps for the 4 Simulations

First, it is clear that with increasing field strength (and the same 
geometry) the fusion rate increases. The fusion rate increases 
roughly with a factor of 10 when the voltage difference increases 
with a factor of 2. This is typical for the exponential dependence 
of the cross section of the D-D fusion on the energy of the CoM 
of the reaction.

Second, for all simulations there is a discrete change in the slope 
of the curve at the location of the cathode. This is due to the fact 
that within the cathode the kinetic energy of the Deuterium ions is 
constant and does not increase any more when the distance to the 
centre decreases, while outside the cathode this is still the case. 
Third, the fusion yield inside the cathode does not seem to be 
dependent on the geometry of the cathode as is evident from the 
coalescence of the red and green curve for a radius less than that 
of either cathode. Towards the centre the fusion rate increases to 

very large values. As the average energy is constant in this region, 
the increase in fusion rate is due to an increased concentration. 
This is due to the fact that the fusor accelerates all ions towards 
the centre of the fusor, to that the ion density is increased, however 
the number of ions that cross a sphere around the centre is fairly 
constant so that the total number of fusions in only proportional to 
the volume.

Lastly, it is remarkable that the yield outside the cathodes of the 
fusor with a voltage difference of 200 kV and a cathode radius of 5 
mm is smaller than the yield of the fusor with a voltage difference 
of 100 kV and a cathode radius of 10 mm. The reason for this is 
that, although the concentration of deuterium ions is a little lower, 
the average energy is 15% larger, which increase the fusion chance. 
The average energy is larger, because the electric field strength is 
stronger.

6

the fusion rate as function of the distance to the centre of
the fusor is shown for the 4 simulations. There are some
features in these distributions that require explanation.

First, it is clear that with increasing field strength (and
the same geometry) the fusion rate increases. The fusion
rate increases roughly with a factor of 10 when the volt-
age difference increases with a factor of 2. This is typical
for the exponential dependence of the cross section of the
D-D fusion on the energy of the CoM of the reaction.

Second, for all simulations there is a discrete change
in the slope of the curve at the location of the cathode.
This is due to the fact that within the cathode the ki-
netic energy of the Deuterium ions is constant and does
not increase any more when the distance to the centre
decreases, while outside the cathode this is still the case.

Third, the fusion yield inside the cathode does not
seem to be dependent on the geometry of the cathode
as is evident from the coalescence of the red and green
curve for a radius less than that of either cathode. To-
wards the centre the fusion rate increases to very large
values. As the average energy is constant in this region,
the increase in fusion rate is due to an increased concen-
tration. This is due to the fact that the fusor acceler-
ates all ions towards the centre of the fusor, to that the
ion density is increased, however the number of ions that
cross a sphere around the centre is fairly constant so that
the total number of fusions in only proportional to the
volume.

Lastly, it is remarkable that the yield outside the cath-
odes of the fusor with a voltage difference of 200 kV and
a cathode radius of 5 mm is smaller than the yield of the
fusor with a voltage difference of 100 kV and a cathode
radius of 10 mm. The reason for this is that, although
the concentration of deuterium ions is a little lower, the
average energy is 15% larger, which increase the fusion
chance. The average energy is larger, because the electric
field strength is stronger.

FIG. 9: Fusions in MBq/cm3 as function of the distance to
the centre of the fusor for the 4 simulations.

F. Deuteron and Electron Average Energy and
Distribution

In figure 10 the deuteron ion and electron kinetic en-
ergy as function of distance to the centre is plotted to-
gether with their distributions in the fusor. Electrons
tend to move away from the cathode. Their average en-
ergy drops when the distance to the centre increases be-
cause the electrons that are ionized further away from
the centre of the fusor will be able to gain less energy,
reducing the electron average energy. This occurs partly
due to the fact that electrons that are lost due to capture
or escape are spawned randomly through the accessible
volume to simulate ionization. In a future expansion one
could simulate the ionisation by introduction of seed elec-
trons and ionisation cross sections, so that this part of
the simulation becomes more realistic. For now, it is as-
sumed that the average ionisation can be manipulated by
changing the gas pressure.

FIG. 10: Particle average energy and concentration distri-
bution as function of relative distance to the centre of a fusor
with radius of 5 cm for the 4 simulations: Top: Electrons;
Bottom: Deuterium.The left vertical axis shows the particle
concentration (full lines) and the right one shows the average
kinetic energy per particle (dashed lines).

Figure 9: Fusions in MBq/cm3 as Function of the Distance to the Centre of the Fusor for the 4 Simulations
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3.6. Deuteron and Electron Average Energy and Distribution
In figure 10 the deuteron ion and electron kinetic energy as function 
of distance to the centre is plotted together with their distributions 
in the fusor. Electrons tend to move away from the cathode. Their 
average energy drops when the distance to the centre increases 
because the electrons that are ionized further away from the centre 
of the fusor will be able to gain less energy, reducing the electron 

average energy. This occurs partly due to the fact that electrons that 
are lost due to capture or escape are spawned randomly through 
the accessible volume to simulate ionization. In a future expansion 
one could simulate the ionisation by introduction of seed electrons 
and ionisation cross sections, so that this part of the simulation 
becomes more realistic. For now, it is assumed that the average 
ionisation can be manipulated by changing the gas pressure.
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the fusion rate as function of the distance to the centre of
the fusor is shown for the 4 simulations. There are some
features in these distributions that require explanation.

First, it is clear that with increasing field strength (and
the same geometry) the fusion rate increases. The fusion
rate increases roughly with a factor of 10 when the volt-
age difference increases with a factor of 2. This is typical
for the exponential dependence of the cross section of the
D-D fusion on the energy of the CoM of the reaction.

Second, for all simulations there is a discrete change
in the slope of the curve at the location of the cathode.
This is due to the fact that within the cathode the ki-
netic energy of the Deuterium ions is constant and does
not increase any more when the distance to the centre
decreases, while outside the cathode this is still the case.

Third, the fusion yield inside the cathode does not
seem to be dependent on the geometry of the cathode
as is evident from the coalescence of the red and green
curve for a radius less than that of either cathode. To-
wards the centre the fusion rate increases to very large
values. As the average energy is constant in this region,
the increase in fusion rate is due to an increased concen-
tration. This is due to the fact that the fusor acceler-
ates all ions towards the centre of the fusor, to that the
ion density is increased, however the number of ions that
cross a sphere around the centre is fairly constant so that
the total number of fusions in only proportional to the
volume.

Lastly, it is remarkable that the yield outside the cath-
odes of the fusor with a voltage difference of 200 kV and
a cathode radius of 5 mm is smaller than the yield of the
fusor with a voltage difference of 100 kV and a cathode
radius of 10 mm. The reason for this is that, although
the concentration of deuterium ions is a little lower, the
average energy is 15% larger, which increase the fusion
chance. The average energy is larger, because the electric
field strength is stronger.

FIG. 9: Fusions in MBq/cm3 as function of the distance to
the centre of the fusor for the 4 simulations.

F. Deuteron and Electron Average Energy and
Distribution

In figure 10 the deuteron ion and electron kinetic en-
ergy as function of distance to the centre is plotted to-
gether with their distributions in the fusor. Electrons
tend to move away from the cathode. Their average en-
ergy drops when the distance to the centre increases be-
cause the electrons that are ionized further away from
the centre of the fusor will be able to gain less energy,
reducing the electron average energy. This occurs partly
due to the fact that electrons that are lost due to capture
or escape are spawned randomly through the accessible
volume to simulate ionization. In a future expansion one
could simulate the ionisation by introduction of seed elec-
trons and ionisation cross sections, so that this part of
the simulation becomes more realistic. For now, it is as-
sumed that the average ionisation can be manipulated by
changing the gas pressure.

FIG. 10: Particle average energy and concentration distri-
bution as function of relative distance to the centre of a fusor
with radius of 5 cm for the 4 simulations: Top: Electrons;
Bottom: Deuterium.The left vertical axis shows the particle
concentration (full lines) and the right one shows the average
kinetic energy per particle (dashed lines).

Figure 10: Particle Average Energy and Concentration Distribution as Function of Relative Distance to the Centre of a Fusor with 
Radius of 5 cm for the 4 Simulations: Top: Electrons; Bottom: Deuterium. The Left Vertical Axis Shows the Particle Concentration (Full 
Lines) and the Right one Shows the Average Kinetic Energy Per Particle (Dashed Lines)

4. Discussion
4.1. Average Energy Inside Cathode
It is evident from the above that most fusion events occur inside 
the cathode volume. In these simulations the concentration in 

this region is mainly determined by the ionisation fraction that 
was taken, although the geometry has some influence. The main 
contributing factor is the average kinetic energy of the ions inside 
this region which is always a little less than what could be obtained 
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with the applied voltage. Partly this is due to the fact that the ions 
are created throughout the volume of the fusor and partly this is 
due to the energy exchange of the ions with the background gas. 
This also limits the maximum applied voltage as the energy loss is 
higher, the higher the applied voltage (i.e. 3, 9-15 and 24 keV for 
an applied voltage of -50, -100 and -200 kV).

4.2. Volume of Cathode
When the volume of the region inside the cathode is increased 
(with the same applied voltage), the fusion rate inside this volume 
only slightly depends on this volume. This is an indication that the 
yield of a fusor would increase when this volume is increased. The 
optimize volume will depend on the average energy loss of the 
ions inside this volume hence will be smaller for higher applied 
voltages.

4.3. Structure in Discharge
Both the deuteron density and concentration exhibit a bump at a 
location that seems to depend on the radius of the cathode and 
the applied voltage. When the concentration increases, the average 
energy decreases, which indicates a slow down of the deuterium 
ion. To inspect this further, in figure 11 the deuteron density and 
concentration is presented, split into the particles that are moving 
towards the centre (accelerating deuterium ions) or away from the 
centre (towards the anode: decelerating deuterium ions).

These figures expose that the concentration and average kinetic 
energy of the ions moving away from the centre is different from 
those moving towards the centre, reflecting the dynamics of these 
particles. Ions that move towards the centre are accelerated and 
gain energy. Ions that move away from the centre loose energy 
until they have such a small velocity that the chances that they 
recombine with an electron increase dramatically and they are 
converted to molecules again and are lost for the ion concentration. 
This is why only the concentration of the deuterium ions moving 
away from the centre have a bump: when they decelerate their 
concentration increases, but when they stop they are removed and 
the concentration reduces again. For the simulation with a voltage 
of -50 kV their is no clear bump, the ions can almost reach the 
anode again, but not completely. This means that the ions still have 
some energy and/or momentum exchange with the molecules. 
This is also evident in the other simulations. The bump in those 
simulations show however that the energy and/or momentum 
exchange of the ions with the molecules is larger when the energy 
of the ions is larger, reflecting the typical behaviour of the elastic 
and inelastic cross sections. The different slopes of the average 

energy of the inward and outward moving ions inside the volume 
of the cathode is also an indication of the average energy loss of the 
ions while moving through the background gas, that is obviously 
larger when the energy of the ions increases.

4.4. Interaction Mechanisms
From the above results and especially from the results presented in 
figure 11 it is clear that interaction mechanisms play an important 
role in the concentration and kinetic energy distribution of the 
particles and hence of the fusion yield. The influence of the 
recombination of ions with electrons has been exposed as yielding 
a more complicated structure of these distributions. Hence, it 
is important for an accurate simulation to take these issues into 
account.

It also possible that one uses the information obtained from these 
concentration and kinetic energy distributions to optimize yields 
of other fusion reactions of for instance beam-target systems. By 
placing electrodes at specific locations inside the fusor so that the 
average energy of the deuterium ion reaches an optimal value for 
the fusion reaction, the fusion rate may be enhanced [12].

One does not have to focus on a single fusion reaction but might 
add additional interaction mechanism, an example of such a 
mechanism is given by [9,13]. When a suitable solid-state target 
with a high density of deuterium is placed at a location where 
the deuterium energy is close to the resonance energy one might 
expect a high sensitivity for this reaction.

5. Conclusions and Recommendations for Future Developments
The presented simulations calculate fusion yields similar to those 
found in real world fusors. In addition, the ion energy and density 
are accurately simulated. Given that the ion properties arise from 
a full Maxwell solver there is ample evidence that this part of the 
simulation is accurate.

As a result, it may now be applied to more complex potentials such 
as those found in crystals and on surfaces [12]. This can be helpful 
to determine the total potential produced by the fixed potential 
provided by the crystal and the component of the potential 
produced by the mobile Deuterium ions. In addition, clustering 
of ions in close vicinity may be observed. Finally, since electrons 
are also simulated the impact of mobile electrons on clustering 
and the potential can also be determined. Though, the effects of 
“heavy” electrons will probably not be seen, since the simulation 
is classical and these effects are usually quantum.
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FIG. 11: Deuterium average energy and concentration distribution as function of relative distance to the centre of a fusor
with radius of 5 cm for the 4 simulations: Top Left: 5 mm -100 kV; Top Right: 10 mm -100 kV; Bottom Left: 5 mm -50 kV;
Bottom Right: 5 mm -200 kV. The left vertical axis shows the concentration (full lines) and the right one shows the average
kinetic energy (dashed lines).

the crystal and the component of the potential produced
by the mobile Deuterium ions. In addition, clustering of
ions in close vicinity may be observed. Finally, since elec-
trons are also simulated the impact of mobile electrons
on clustering and the potential can also be determined.
Though, the effects of “heavy” electrons will probably
not be seen, since the simulation is classical and these
effects are usually quantum.

Increased fusion yield requires either extreme densities
and pressures, which seem unlikely in crystals (nonethe-
less given the readiness of the simulator that could be
looked at), or an amplified cross section which may re-
sult from the local potential. As a result, a second sim-
ulator which numerically calculates the fusion cross sec-
tion in a given potential should be constructed. This is
necessary to determine whether the charge/plasma struc-
tures we observed in the simulated fusor could lead to
higher fusion rates. One would have to plug the poten-
tial produced by the particles in this simulation into a

cross-section simulator to find out if the cross section is
significantly modified.

On the experimental side it is possible, for mini-
mal investment, to construct a low energy (<10 kV)
beam/plasma setup to test low energy fusion enhance-
ments in beam on target and plasma experiments in the
vicinity of a Deuterium loaded target material such as Pd
or Zr. This circumvents long simulation times and the
potential of missing relevant quantities in the simulation.
If enhancements are verified it can give a parameter space
to sweep through with the simulations.
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Increased fusion yield requires either extreme densities and 
pressures, which seem unlikely in crystals (nonetheless given the 
readiness of the simulator that could be looked at), or an amplified 
cross section which may result from the local potential. As a 
result, a second simulator which numerically calculates the fusion 
cross section in a given potential should be constructed. This is 
necessary to determine whether the charge/plasma structures we 
observed in the simulated fusor could lead to higher fusion rates. 
One would have to plug the potential produced by the particles 
in this simulation into a cross-section simulator to find out if 
the cross section is significantly modified. On the experimental 
side it is possible, for minimal investment, to construct a low 
energy (<10 kV) beam/plasma setup to test low energy fusion 
enhancements in beam on target and plasma experiments in the 
vicinity of a Deuterium loaded target material such as Pd or 
Zr. This circumvents long simulation times and the potential of 
missing relevant quantities in the simulation. If enhancements are 
verified it can give a parameter space to sweep through with the 
simulations.
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