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Abstract 

In order to enhance the fusion reaction rate in Inertial Electrostatic Confinement devices, it is necessary 

to increase the ion density with low cathode current and low background pressure. In order to 

accomplish the requirement, the authors suggest Magnetic-assisted Electrostatic Confinement (MEC) 

scheme. The MEC relies on controlling the ion motion by applying an axial magnetic field to a system 

with cylindrical electrodes. In order to clarify the fundamental performances of the MEC device, 

Particle-in-Cell simulation was carried out. By reducing the background pressure, the ion confinement 

was improved resulting in the increase of the ion density. However, the ion density saturated due to 

space charge limitation. The estimated fusion reaction rate was about 6105×  1/s/m when the cathode 
voltage was –100 kV, the magnetic field was 200 mT, and the cathode current was 100 mA/m. The 

reaction rate, however, is expected to become higher since the ion density limitation is moderated by the 

electron which is not considered in the present analysis. 
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1. Introduction 

A concept to confine ions electrostatically in a spherical or cylindrical geometry is called Inertial 

Electrostatic Confinement (IEC) [1]. Ions are accelerated to fusion-relevant energies by the electric field 

between concentric electrodes and circulate inside the outer anode through the inner gridded cathode. 

Since the IEC device has several features, such as simple configuration, compact size, and high 

controllability, the fusion device is expected to be used as a portable neutron/proton source [2-4]. 

However, substantial enhancement of the neutron yield is necessary for practical applications. For 

instance, cancer therapy called Boron Neutron Capture Therapy requires at least 109 n/cm2/s of neutron 

flux [5]. On the other hand, achieved neutron yield with the IEC device in steady state is about 108 n/s 

which corresponds to a neutron flux of about 104 n/cm2/s at the surface of the device [6]. 

In order to improve the fusion reaction rate, following two ways have been investigated by several 

research groups. One is to increase the ion density by increasing the input current [2,7,8]. The other is to 

increase the ion energy by reducing the background gas pressure which reduces the energy loss due to 

collisions with background neutrals [9-12]. As the input current is increased, however, electrode melting 

is expected. As the pressure is reduced, it becomes hard to increase the ion density. In order to 

accomplish the two requirements, both of the ion and the electron confinements need to be improved. 

Better ion confinement leads to higher ion density with lower input current. Better electron confinement 

leads to more ion production under lower background gas pressure. 

Current IEC devices rely on a gridded electrode system. Hence, the possibility for the ions to pass 

through the cathode never exceeds a geometrical transparency of the cathode grid which is around 0.90 

to 0.97 [6,12-14]. In order to see the relation between the cathode transparency and the ion density, a 

rough estimation is made as follows. In a cylindrical geometry, it is assumed that a space charge of the 

ion does not affect the electric potential, that is the potential between the cylindrical electrodes is a 

vacuum potential and the potential inside the cathode is flat as shown in Fig. 1. The energy of the ion at 

the anode is zero, and the ions do not collide with the other particles. When the probability for the ions 
to pass through the cathode is the geometrical cathode transparency, η , the ion density, in , is given by 

 
rhqv

In i
i π2⋅
=  (1) 
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where iI  is sum of the inward and outward ion current as shown in Fig. 1, q  and v  are charge and 

velocity of the ion, r  is radial position, h  is height of the electrode, cI  is cathode current, and cr  

and ar  are radii of the cathode and the anode. From the energy conservation, the ion velocity is given 

by a function of radius. Figure 2 shows the ion density distribution with several cathode transparencies 

when the radii of the cathode and the anode are 10 mm and 100 mm, the cathode current and voltage are 

1 A/m and –100 kV, and the anode is grounded. Note that the estimated result inside the cathode does 

not have enough reliability since the potential inside the cathode is not expected to be flat due to the ion 

space charge, and the ions cannot reach to the center due to the conservation of the angular momentum. 

Hence the estimated result inside the cathode is excluded. When the cathode transparency is 0.9, the ion 

density is in the order of 1014 m-3. When the cathode transparency is improved to 0.99 or 0.999, the ion 

density increases to the order of 1015 or 1016 m-3. 

As a feasible approach to improve the ion and the electron confinements, the authors suggest 

Magnetic-assisted Electrostatic Confinement (MEC) device. In the present study, a numerical simulation 

was carried out by using a Particle-in-Cell (PIC) simulation with Monte Carlo collision scheme [15]. 

Fundamental performances of the MEC device under several operating conditions are reported. 

 

2. Magnetic-assisted electrostatic confinement 

A schematic of the MEC device is shown in Fig. 3. An axial magnetic field is applied to a system with 

cylindrical electrodes. The ions are forced to an azimuthal direction by Lorentz force as well as they are 

accelerated toward the center by the electric field. Hence, the ion motion can be controlled by applying 

an appropriate magnetic field so that the ion can avoid colliding with the cathode. 

An ideal motion of a deuterium molecular ion is shown in Fig. 4. The ion circulates inside the device 

and is completely confined if there is no interaction with the other particles. Hence, it is naturally 

expected that the ion confinement is improved as the background pressure is reduced. The required 

magnetic field for the ion to avoid colliding with the cathode can be analytically derived from the 
conservation of the energy, W , and the canonical angular momentum, θp , 
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where m , v , and q  are mass, velocity, and charge of the ion, φ  is electric potential, r  is radial 

position, A  is vector potential, and the subscript r  or θ  represents radial or angular component. In a 

cylindrically symmetric geometry, the angular component of the vector potential is given by 

 
r

rBA z

2
1
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−=θ  (5) 

where zB  is applied axial magnetic field. In order to avoid colliding with the cathode, the radial 

velocity of the ion must be zero at a radial position larger than the cathode radius. Assuming that the ion 

is produced near the anode with zero energy and the ion does not collide with the background neutrals, 
the required magnetic field, reqB , is given by 
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where r  is radius, φ  electric potential, and the subscript a  or c  represents anode or cathode. The 

required magnetic field at a different cathode voltage is shown in Fig. 5. The radii of the cathode and the 

anode are 10 mm and 100 mm, respectively. When the anode is grounded, the required magnetic field 

increases in proportion to square root of the cathode voltage. For instance, it ranges from 60 to 190 mT 

when the cathode voltage changes from –10 to –100 kV. The ion orbits under the magnetic field of 200, 

300, and 400 mT are shown in Fig. 6 when the cathode voltage is –100 kV, the radii of the cathode and the 

anode are 10 mm and 100 mm. When the magnetic field is too strong, the ion orbit is largely distorted. It 

leads to that the ion does not obtain enough kinetic energy from the potential well since the ion cannot 

approach the cathode. Hence, the axial magnetic field should be adjusted at the required value as shown in 

Fig. 5 depending on the applying voltage. 

In the MEC device, thermal electrons from the filament near the anode are intended to be used for the 

ion production. The electrons are trapped by the magnetic field and drift in the azimuthal direction. 

Hence, enough ion production due to electron impact ionization is expected even under the low 

background pressure. The electron confinement plays another roll in the MEC. That is a neutralization 

of the ion space charge between the electrodes. The ion density is limited by the space charge which is 

highly dependent on the electrode size and the applying voltage. However, it is expected that higher ion 

density can be achieved since the electrons are confined as well as the ions. 
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In the MEC device, the cathode shape can be simplified such as a general pipe while it is a gridded 

configuration in a conventional IEC device. Since water cooling of the cathode is easily made in the 

MEC device, the input current can be increased furthermore. 

 

3. Numerical methods and models 

One dimensional Poisson equation in a cylindrical geometry is solved by using a finite difference 

method, 
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where φ  is electric potential, ρ  is charge density, and 0ε  is dielectric constant in a vacuum. Radial 

mesh size is about 1.0 mm. Then iterative calculations are made with Successive-Over-Relaxation 
method and multi-grid method where the convergence condition is 710−<Δ φφ . 

Equation of motion in a cylindrical geometry is solved by using Runge-Kutta method with fourth 

order of accuracy, 
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where v , q , and m  are velocity, charge, and mass of the particle, E  is electric field, and B  is 

magnetic field. The subscript r , θ , or z  represents radial, angular, or axial component. Linear 

interpolations are used for the charge of the particle to the grids and the electric field at the spatial grids 

to the particle. Time step of the calculation is 100 ps. The particle motion is tracked in two dimensions, 

r -θ , while the electric potential is calculated in one dimension, r , assuming a symmetric distribution 

around z -axis. In the present calculation, only deuterium molecular ion is considered due to an 

enormous computational time for the electrons and a complexity of the interaction modeling between the 

ions and the electrons. 

Collision processes between the ions and the background neutrals rely on Monte Carlo Collision 

scheme [15]. In the present calculation, elastic scattering, charge exchange reaction and ion impact 
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ionization are included. A fast neutral to be produced via charge exchange reaction and an electron to be 

produced via ion impact ionization are not considered. Cross sections of the reactions are referred from 

the published data [16]. 

Fusion reactions in the IEC device occur in many different modes which are among ion beams, fast 

neutrals, background neutrals, and embedded particles in the electrodes or the chamber wall. In the 

present calculation, the ion beam and the background neutral are considered. Accordingly, 

beam-background reaction rate, RBM-BG, and beam-beam reaction rate, RBM-BM, are estimated, 

 ∫= V gasi dVvnnR σBG-BM  (9) 
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where in  is ion density, gasn  is background gas density, σ  is D-D fusion cross section [17], v  is 

relative velocity of the particles. In the beam-background reaction, v  is the relative velocity between 

the background neutral and the incident ion. In the beam-beam reaction, v  is assumed to be the double 

of the radial velocity of the ion since the radial velocities of the inward and outward ions at a certain 

radius are positive and negative with same magnitude and the azimuthal velocities are same in the ideal 

motion. The cross section, σ , at the energy corresponding to the relative velocity is used. During the 

estimation of the fusion reaction, super particles are not lost since the reaction rate is much smaller than 

the weight of the super particle divided by the calculation time step. 

Numerical models are based on a typical IEC device and its operational condition. The radii of the 

cathode and the anode are 10 mm and 100 mm. Parametric study is carried out by changing the 

background pressure from 1 to 100 mPa, the cathode current from 1 to 100 mA/m, the cathode voltage 

from –10 to –100 kV, and the axial magnetic field from 100 to 400 mT. Deuterium molecular ions are 

produced near the anode with no initial energy as an input. The input ion current is controlled so that the 

cathode current becomes a selected value. A contribution of the secondary electron is not included since 

the electron is expected to hit the cathode again after the Larmor motion. Calculation is continued until it 

reaches steady state in terms of the cathode current, the number of the super particle, and so on. Weight 

of the super particle is controlled so that the number of the super particle stays within a selected range. 

 

4. Results and discussions 

4.1 Effective cathode transparency 
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In order to evaluate the effective cathode transparency in the MEC system, preliminary calculations 

were carried out. The averaged lifetime was computed by tracking 1,000 ions which was produced near 

the anode with zero energy. The radii of the cathode and the anode were 10 mm and 100 mm, the 

cathode voltage was –100 kV, and the axial magnetic field was 200 mT. Figure 7 shows the averaged 

lifetime of the ion and the corresponding effective cathode transparency at a background pressure from 1 
to 100 mPa. The effective cathode transparency, η , is calculated by 

 
t
T

−=1η  (9) 

where t  is the averaged lifetime of the ion, and T  is the time for the ion to reach the center from the 

anode when the cathode transparency is 1.0 without any collisions and any axial magnetic field. For the 

present device size and the applying voltage, T  is about 124 ns. The lifetime increased as the 

background pressure was reduced. The effective cathode transparency at the background pressure of 1, 

10, and 100 mPa were 0.999, 0.993, and 0.936. 

 

4.2 Dependence on background pressure 

The ion density and the potential distribution at the pressure of 1, 10, or 100 mPa are shown in Fig. 8. 

Cathode voltage, cathode current, and magnetic field are –100 kV, 100 mA/m, and 200 mT. As far as the 

cathode current at the pressure of 1 mPa is concerned, it did not reach 100 mA/m due to space charge 

limitation. As the pressure was reduced by one order, the ion density increased by approximately one 

order. It indicates that the ion confinement is improved by reducing the pressure. However, the ion 

density saturated around 1015 m-3 due to space charge limitation. The space charge limitation can be seen 

in the potential distribution in Fig. 8 (b). The potential near the anode is flat at the pressure of 1 mPa 

indicating that no more additional ions can enter the potential well. The potential distribution at the 

pressure of 100 mPa was almost the same as the vacuum potential. 

Energy distributions of the ion at the pressure of 1, 10, and 100 mPa are shown in Fig. 9. All 

parameters are the same as those in Fig. 8. It is seen that the upper edge of the energy distribution 

corresponds to the potential profile. As the pressure is reduced, the ion confinement is improved and the 

ion density increases. As the ion space charge approaches the limitation, structure of the potential well 

becomes steep and narrow. It is also seen that a dispersion of the ion energy becomes large as the 

pressure is increased. This is because the collision frequency between the ions and the background 

neutrals increases. The difference of the energy dispersion indicates that more effective acceleration of 
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the ion is achieved at lower background pressure. 

Dependence of the fusion reaction rate on the background pressure is shown in Fig. 10. Cathode 

current of 1, 10, and 100 mA/m was investigated. All the other parameters are the same as those in Fig. 8. 

Beam-background reaction (BM-BG) was dominant in the present pressure range, which is from 1 to 

100 mPa, since the ion density saturated around 1015 m-3 while the background neutral density ranged 

from 1017 to 1020 m-3. Beam-background reaction rate was almost the same at a different pressure. The 

main reason is that the ion density decreases almost in inverse proportion to the pressure as shown in Fig. 

8 while the neutral density increases in proportion to the pressure. Since beam-background reaction rate 

is proportional to the product of the ion density and the neutral density, the reaction rate does not change 

even when the background pressure is different in the MEC. As the pressure is reduced, beam-beam 

reaction rate increased in inverse proportion to the square of the pressure. This is because the reaction 

rate is proportional to the square of the ion density which increases almost in inverse proportion to the 

pressure. 

 

4.3 Dependence on magnetic field 

The ion density distribution under the magnetic field of 100, 200, 300, or 400 mT is shown in Fig. 11. 

Cathode voltage, cathode current, and background pressure are –100 kV, 100 mA/m, and 10 mPa. When 

the magnetic field exceeded 190 mT, which was the required value under the vacuum potential, the ion 

density increased by an order of approximately two. Then the peak of the density shifted outward as the 

magnetic field increases as expected in Fig. 6. Hence the required magnetic field under the vacuum 

potential is regarded to be an optimum value even when the space charge is reflected to the potential 

profile. 

Dependence of the fusion reaction rate on the background pressure is shown in Fig. 12. All parameters 

are the same as those in Fig. 11. Once the magnetic field exceeded the required value, beam-background 

reaction increased by an order of approximately two since it is proportional to the ion density. Similarly, 

beam-beam reaction increased by an order of approximately four as the magnetic field exceeded the 

required value since the reaction rate is proportional to the square of the ion density. As the magnetic 

field increased afterward, both reaction rates gradually decreased. When the magnetic field is too strong, 

the ion cannot get close to the cathode as shown in Figs. 6 and 11. That means the ions cannot obtain full 

energy from the electric potential. That is why the reaction rates decreased gradually. 

The estimated total fusion reaction rate was 6105×  1/s/m under the present operating conditions. 
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The present calculation, however, the electron is not considered. Since the electrons are also confined in 

the system, it is expected that a certain amount of the ion charge is neutralized. Since it leads to 

moderating the ion space charge limitation, more reaction rate is expected in a practical device. In order 

to increase the fusion reaction rate, it is required to moderate the space charge limitation. The allowable 

space charge increases as the applying voltage is increased, the anode is narrowed, and the cathode 

becomes wide [18]. By optimizing the size of the electrodes depending on the achievable applying 

voltage and magnetic field, the highest fusion reaction rate is expected to be achieved. 

 

5. Conclusions 

In order to obtain high ion density with low cathode current and low background pressure in the IEC 

fusion device, the authors suggest Magnetic-assisted Electrostatic Confinement scheme. As a result of a 

preliminary PIC simulation, fundamental performances of the MEC device were clarified. By reducing 

the background pressure, the ion confinement improved. The effective cathode transparency at the 

background pressure of 1, 10, and 100 mPa were 0.999, 0.993, and 0.936. As the pressure was reduced 

by one order, the ion density increased by approximately one order with a constant cathode current. 

However, the ion density saturated due to space charge limitation. It was about 1015 m-3 when the radii 

of the cathode and the anode were 10 mm and 100 mm, and the cathode voltage was –100 kV. 

Beam-background reaction rate was almost the same even when the pressure was changed from 1 to 100 

mPa since the ion density decreases almost in inverse proportion to the pressure while the neutral 

density increases in proportion to the pressure. Beam-beam reaction rate increased in inverse proportion 

to the square of the pressure as the pressure was reduced since the reaction rate is proportional to the 

square of the ion density. When the cathode voltage was –100 kV, the magnetic field was 200 mT, and 

the cathode current was 100 mA/m, the estimated fusion reaction rate was 6105×  1/s/m. However, 
more reaction rate is expected to be achieved since the ion density is expected to become higher when 

the space charge is neutralized by the electron which is not considered in the present analysis. 
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Fig. 1. Definition of the ion current and the potential profile 

 

Fig. 2. Relation between the ion density and the cathode transparency 

 

Fig. 3. Schematic of Magnetic-assisted Electrostatic Confinement device. 

 

Fig. 4. Ideal motion of deuterium molecular ion 

 

Fig. 5. Required magnetic field to avoid colliding with cathode 

 

Fig. 6. Dependence of the ion orbit on the magnetic field 

 

Fig. 7. Lifetime of the ion and the effective cathode transparency vs. background pressure 

 

Fig. 8. Dependence of (a) the ion density distribution and (b) the potential distribution on the 

background pressure 

 

Fig. 9. Dependence of the energy distribution on the background pressure 

 

Fig. 10. Dependence of the fusion reaction rate on the background pressure 

 

Fig. 11. Dependence of the ion density distribution on the magnetic field 

 

Fig. 12. Dependence of the fusion reaction rate on the magnetic field 
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