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Two-dimensional simulations of microwave breakdown for extinction of remaining plasma
at the first pulse were carried out by the finite difference time domain method coupled with
an electron diffusion model for examing plasma formation in a microwave-beaming thruster.
The plasma structure can be extinguished quickly without reducing thrust power by adding
a small amount of SF6 to air. Three-dimensional simulations were also conducted for elu-
cidation of the detailed plasma structure and the qualitative assessment of shock wave
formation between two- and three-dimensional simulations in the view of heating rate and
ionization front speed. The results suggested that two-dimensional simulations may under-
estimate the shock wave strength and then the thrust power because higher heating rate
and lower ionization speed are obtained compared to three-dimensional simulations.

Nomenclature

Da = ambient diffusion coefficient

De = electron diffusion coefficient

Deff = effective diffusion coefficient

e = elementary charge

E = electric field

Eeff = local effective electric field

Erms = local root-mean-square electric field

f = microwave frequency

H = magnetic field

J = current density

k = Boltzmann constant

L = characteristic diffusion length

me = electron mass

ne = electron number density

p = ambient pressure

rei = recombination coefficient

∗Mr, Department of Aerospace Engineering, kageyama@rhd.mech.tohoku.ac.jp
†Mr, Department of Aerospace Engineering, mtakahashi@rhd.mech.tohoku.ac.jp
‡Associate Professor, Department os Aerospace Engineering, ohnishi@rhd.mech.tohoku.ac.jp

1
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe, Japan

July 4–10, 2015



t = time

Te = electron temperature

ve = electron mean velocity

ε0 = permittivity of vaccum

λ = wavelength of incident microwave

λD = local Debye length

μ0 = permeability of vaccum

μe = electron mobility

μi = ion mobility

νa = attachment frequency

νi = ionization frequency

νm = electron-neutral momentum collision frequency

τM = local Maxwell relaxation time

ω = angular frequency

I. Introduction

Beamed energy propulsion (BEP) has been expected as a lower cost space transportation system than
exsiting chemical propulsion.1 Microwave-beaming propulsion which is one of the BEP schemes has two
advantages compared to other BEPs because of its low development costs and high power ability.2 In the
microwave-beaming propulsion, a high-power microwave irradiates a flying veahicle from a ground base.
Atmospheric discharge then occurs around a focal point of an on-board mirror and expands toward the
microwave source followed by a shock wave. The thrust power must depend on the generated plasma
structure and the ionization front propagation velocity because the shock wave is sustained by the microwave
absorption by the plasma. However, it is difficult to investigate the relationship between the plasma formation
and resultant thrust from the experiment. Numerical simulations may clear the relationship and give new
knowledge to understand the plasma structure formation.

A number of experimental and numerical researches of the microwave breakdown have been conducted so
far. In past experiment by Hidaka et al., the characteristic discharge structure were captured using a pulsed
1.5-MW, 110-GHz gyrotron for cases of different gas species and pressures.3 In a air condition, in E-plane
(a plane perpendicular to the magnetic field), the filamentary structures are formed with intervals of λ/4,
stretching obliquely against the microwave source. On the other hand, in H-plane (a plane perpendicular to
the electric field), the upstream filaments are regularly built by some discharge spot, and the downstream
filaments are formed in a straight line with the same interval. Boeuf et al. carried out two-dimensional
simulations of formations of filamentary plasma arrays.4 The simulation result generally reproduced the
characteristic structure observed in the experiments, but the width of plasma structure was estimated shorter
than the experimental one in E-plane and the discharge structure were not formed in a straight line behind
the ionization front. In three-dimensional simulations of the structure formation by Kourtzanidis et al., the
propagation speed is smaller and obliquely extending speed is larger than the two-dimensional simulations.
Also, the extension length is longer and the filamentary structure is unlimitedly extended after the initial
breakdown.5

Furthermore the thrust impulse is decreased after the second pulse of multi-pulse in experiments about
the thrust power of the microwave-beaming propulsion by Oda et al.6 One of the reasons of this thrust
lowering comes from the fact that focusing of the microwave is interrupted by the plasma produced by the
first pulse.

In this paper, we conducted two-dimensional simulations of microwave breakdown for air and mixed
gas for extinction of the remaining plasma at the first pulse and three-dimensional simulations of atmo-
spheric discharge for a qualitative assessment of shock wave generation between two- and three-dimensional
simulations from the view point of heating rate and ioinization front velocity.

2
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe, Japan

July 4–10, 2015



II. Numerical Methods and Conditions

We solve Maxwell’s equations for microwave propagation,

∇×E = μ0
∂H

∂t
, (1)

∇×H = ε0
∂E

∂t
+ J. (2)

The current density J is estimated by Ohm’s law,

J = −eneve. (3)

The electron mean velocity ve is given by solving the following equation of motion of electrons,

∂ve

∂t
= − eE

me
− νmve, (4)

where the electron-neutral momentum collision frequency νm = 5.3× 109 · ps−1.7

To take into account diffusion of electrons, we couple the following electron diffusion equation with for
above Maxwell’s equations,

∂ne

∂t
−∇ · (Deff∇ne) = ne (νi − νa)− reine

2, (5)

The diffusion flux of electrons is determined by the effective diffusion coefficient Deff given by

Deff =
αDe +Da

α+ 1
, (6)

α = νiτM = λD
2/L2. (7)

The transport coefficients are given by

De = μe
kTe

e
, (8)

μe =
e

mνm
, (9)

Da = De/100, (10)

τM = ε0/ [en (μi + μa)] , (11)

L =
√

De/νi. (12)

Moreover, the local Debye length is estimated by λD =
(
ε0kTe/e

2ne

) 1
2 .7

Maxwell’s equations (1) and (2) are numerically solved by Finite Difference Time Domain (FDTD)
method coupling with the solution of the electron diffusion equation (5) using the second-order central
difference method.

The simulation domain is depicted in Fig. 1 for two-dimensional simulations of extinguishing the remain-
ing plasma. The grid size is λ/200, and the simulation domain covers 3λ × 3λ in E-plane. The ambient
pressure is 300 Torr. The incident uniform wave with 110 GHz and 6 MV/m is injected at x = 0 toward the
x-direction. In this simulation, we suppose to the air mixed with another gas (sulfur hexafluoride, SF6). We
use the classical assumption that the ionization and attachment frequencies νi and νa are functions (obtained
from bolsig+8) of the local effective field Eeff :

Eeff = Erms

(
1 +

ω2

νm2

)− 1
2

. (13)

The recombination coefficient rei=0. We used the first-order Mur boundary condition for Maxwell’s equations
and the first-order extrapolated open boundary for the electron diffusion equation.

3
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe, Japan

July 4–10, 2015



In three-dimensional simulations, the simulation domain is shown in Fig. 2. For lower calculation costs,
the grid size is λ/50 coarser than the two-dimensional simulations. In the three-dimensinal simulations about
the atmospheric discharge, the ionization coefficient νi is estimated by a fitting formula constructed from
past experimental data,9,10

νi = νa

(
Eeff

Ec

)5.3

, (14)

where νa=5.4 × 104 × p s−1. the recombination coefficient is estimated by the empirical formula of rei =

1.8× 1013 ×
(

300.0
Te[K]

)0.39

m−3s−1. The electron temperature Te=2 eV.? The other conditions are the same as

the two-dimensional simulations.

(a) two-dimensional simulation (b) three-dimensional simulation

Figure 1. Simulation domain

III. Results and Discussion

III.A. two-dimensional simulation of extinction of the remaining plasma

In this section, we conducted two-dimensional simulations of the plasma formation in air and mixed gas for
extinguishing the remaining plasma. Figure 2 shows the electron number density at 13.6 ns in (a) the air
and (b) mixed gas (air : SF6 = 9 : 1). The plasma in the air condition forms a characteristic filamentary
structure that the plasma grows toward the microwave source, stretching obliquely. However, the filamentary
structure are formed only around outer edge in the mixed gas. The electric field is decreased by the reflection
at the ionization front in the right region. In the mixed gas, the attachment frequency is higher than the
ionization frequency and the plasma is then extinguished in the weak electric field because SF6 acts as an
insulator. So, the inner structure disappears in the mixed gas.

Fig. 3 shows the heating rate at 13.6 ns. The heating rates have similar distributions for the both cases
and are high only around the outer edge of the plasma structure. Since the strength of a shock wave driven
by the microwave depends on this heating rate, the expected thrust power must be the same for the both
cases. Therefore, by adding a small amount of SF6 to the air, the remaining plasma can be extinguished
quickly without reducing the resultant thrust power.

III.B. three-dimensional simulation of atmospheric discharge

In this section, we conducted three-dimensional simulations for examing the formation of the plasma struc-
ture. Figures 4, 5 and 6 show the isosurfaces of the electron number density of 1.3 × 1021 m−3 at (a) 131
and (b) 191 ns. Figures 4 and 5 are plotted when we take a line of sight parallel to the y- and z-axis, which
correspond to E-plane and to H-plane, respectively. The filamentary structures are found with intervals of
λ/4, stretching obliquely as shown in Fig. 4. This features agree with the experiments3 and the previous
numerical simulations.4 The filaments on the left side are regularly built up by some discharge spots and
on the right side are formed in a straight line with the same interval as shown in Fig. 5. This structure has
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(a) air (b) mixed gas (air : SF6 = 9 : 1)

Figure 2. Contours of electron number density at 13.6 ns.

(a) air (b) mixed gas (air : SF6 = 9 : 1)

Figure 3. Contours of heating rate at 13.6 ns.

never been captured in two- and three-dimensional simulations, whereas it appears in the past experiments.3

It is thought that past three-dimentional simulation domain and calculation time were too small to capture
this structure.5 Since the ionization fronts grow toward the microwave source in E-plane, the microwave
begins not to be able to transmit this ionization fronts from the central axis. Therefore, the filamentary
structures behind the ionization front begin to disappear from the central axis in Fig. 4. Moreover, this
effect occurs not only the x-z plane at y=0 but also all the y-constant plane as shown in Fig. 6.

In this simulation, the width of the filamentary structure in E-plane has a finite size though the filamen-
tary structure is unlimitedly elongated in the past three-dimensional simulation. The obtained extending
length is 1.73 λ, whereas 0.78 λ in the two-dimensional simulation. At the initial process of the forma-
tion, the microwave can transmit backward by diffraction because the filamentary structure is thin in the
y-direction as show in Fig. 6(a). So, the electric field intensity in the back side of the three-dimensional
simulation is higher than the two-dimensional simulation, and the filamentary structure is elongated. When
the filamentary structure is formed to some extent at 191 ns, the structure in H-plane has enough thickness
preventing from diffraction. The microwave then could not transmit backward, resulting in stopping the
extension and the shorter filamentary structure than one–third filaments (A in Fig. 6 (a)).

Figure 7 shows the heating rate obtained by two- and three-dimensional simulations along a line parallel
to the z-direction centered at the extension axis (B axis in Fig. 6 (a)). The obtained discharge front
propagation speed is listed in Table 1. The heating rates are about 3.5 × 1014 W/m3 for the both cases,
but one in the three-dimensional simulation is about twice larger than the two-dimensional results at the
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tip of filaments. The larger is the heating rate, the stronger a shock wave is generated. The resultant shock
wave is therefore expected to be more stronger in the three-dimensional case. Furthermore, the propagation
speed of the structure front in the 3D simulation is smaller than the 2D results as known in the past 3D
simulations. Since the heating region can be confined in the thruster during a long time with the lower
speeds, it is expected the thrust power is larger in the 3D simulations.

(a) t = 136 ns (b) t = 191 ns

Figure 4. Isosurfaces of electron number density of 1.3 × 1021 m−3 with a line-of-sight is parallel to the y-axis.

(a) t = 136 ns (b) t = 191 ns

Figure 5. Isosurfaces of electron number density of 1.3 × 1021 m−3 with a line-of-sight parallel to the z-axis.

IV. Conclusions

We have conducted two- and three-dimensional simulations of microwave air breakdown for examining
plasma filaments formation and its effect on a shock generation.

From two-dimensional simulations of the plasma structure formation in air and mixed gases, it is found
that the plasma structure can be extinguished quickly without reducing the thrust power by adding a small
amount of SF6 to the air.

In the three-dimensional simulations, the upstream filaments are regularly built by some discharge spots,
and the downstream filaments are formed in a straight line with the same interval. This feature well agrees
with the experiments and has never been captured by the past numerical simulations. Moreover, the width
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(a) t = 131 ns (b) t =191 ns

Figure 6. Isosurfaces of electron number density of 1.3 × 1021 m−3 with another angle of view.

Figure 7. Heating rate obtained by two- and three-dimensional simulations along a line parallel to the z-direction
centered at the extension axis (B axis).

of the filamentary structure in E-plane has a finite size though the structure is unlimitedly elongated in the
past three-dimensional simulations. It is because the filamentary structure in H-plane has enough thickness
prohibit the diffraction of the incident microwave after the structure grows to some extent. Thus, the
microwave cannot much transmit backward by the diffraction, and the extension growth of the filamentary
structure are suppressed.

The heating rate and the discharge front propagation speed are smaller in the three-dimensional case
than the two-dimensional cases. It is expected that the generated shock waves and thrust power become
larger in the actual discharge than the predicted ones by two-dimensional simulations.
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