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Abstract 

Past experiments have shown an ionization front propagation in the millimeter-wave whose intensity was one order 

lower than the critical intensity of breakdown. Propagation in such a low-intensity region is inexplicable by past 

theories because no mechanism can enhance ionization sufficiently in the precursor region ahead of bulk plasma. 

This study examines a new propagation theory incorporating excited neutral particles. The excited neutral particles 

are carried to the precursor region repeating radiative decay and reabsorption of a photon created by that decay process. 

Ionization occur with collisions of an electron and that excited neutral particle. One-dimensional computations were 

conducted for various power densities of an incident beam to reproduce propagation. The obtained propagation 

velocities were around 50% of experimental values for quenching frequencies lower than 106 /s. 

 

I. Introduction 

Past millimeter-wave discharge experiments 

conducted in atmospheric air demonstrated that an 

ionization front propagated toward the millimeter-wave 

source after the ignition [1--4]. An application of this 

phenomenon has been proposed for launch vehicles 

[5,6]. The observed propagation velocities for various 

incident millimeter-wave beam intensities are shown in 

Figure 1. In an experiment conducted by Hidaka et al. 

[1,2] using a millimeter-wave with wavelength 𝜆  of 

2.73 mm, the incident beam is focused by a lens. In 

these studies, ionization front propagation from the 

beam waist, at which plasma was ignited, was observed 

as it is shown in Figure 2 (a). The beam intensity at the 

beam waist, with diameter of 5 mm, was greater than 25 

GW/m2, which is higher than the critical intensity of 

breakdown: [7] 15 GW/m2, at which increasing effects 

of electrons exceed decreasing effects. However, in the 

experiment conducted by Oda et al. [3,4] using a 

millimeter-wave with wavelength 𝜆  of 1.76 mm, an 

ionization front propagating along a parallel beam from 

a seed plasma created by an igniter was observed as 

shown in Figure 2 (b).  The incident beam intensity 

was a few gigawatts per square meter, which is one-

order lower than the critical intensity. 

To understand the propagation mechanisms, many 

physical models have been proposed. Numerical 

reproduction of the propagation was conducted in 

earlier studies [8--10]. The propagation velocity 

computed using these models is shown on Figure 1. One 

of these models is an electron diffusion model proposed 

by Nam and Verboncoeur [8]. According to this model, 

electrons diffusing to a precursor region ahead of the 

plasma are heated by the millimeter wave. Ionizations 

occur with the collisions between this heated electron 

and a neutral particle. This model was developed by 

Boeuf et al. [9] using an effective diffusion coefficient. 

The ionization-front propagation at over-critical 

intensity was reproduced. However, propagation at 

intensity lower than the discharge critical intensity 

cannot be reproduced using this model because the 

electrons are not heated sufficiently for ionization. To 

elucidate propagation at under-critical intensity, 

Takahashi et al. [10] combined the electron diffusion 

model with a compressible flow of neutral particles and 

conducted two-dimensional computations. These 

computations at under-critical intensity reproduced the 

gas expansion behind a blast wave produced a higher 

reduced-electric-field. Therefore, high electron 

temperature sufficient for ionization was achieved. 

However, the computed propagation velocities around 

10 GW/m2 were more than one-order slower than that 

predicted from the experimentally obtained results. 

Dependence on the incident beam intensity was also 

very different from that found in the experiments. 

Furthermore, the propagation in the millimeter wave 

with intensity of a few gigawatts per square meter, 

which is the intensity range of Oda’s experiment, cannot 

be reproduced with that model. In this study, a new 

propagation theory was proposed. Then one-

dimensional computations were conducted by modeling 

of this theory. 

 

 
FIG. 1. Measured ionization-front propagation velocity [1--4] 

and computed velocity [9,10].   
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FIG. 2. Schematic images of the experiment conducted in the 

over-critical condition (a) [1,2] and the under-critical 

condition (b) [3,4]. 

 

A similar propagation phenomenon was also observed 

in the discharge experiment using microwaves and 

lasers [11--15], and the propagation mechanisms were 

discussed [16--19]. However, the same mechanisms 

cannot be applied for the millimeter-wave discharge 

because of the differences in plasma structures and 

propagation velocities. Therefore, explaining the 

ionization-front propagation in the millimeter-wave of 

the under-critical intensity requires identification of a 

physical phenomenon that has not been considered. 

 

II. Ionization-Front Propagation Theory 

In this section, what determine the propagation 

velocity of the ionization front will be discussed. In the 

electron diffusion model [8,9], a continuity equation for 

an electron number density 𝑛e  is formed as shown 

below using electron diffusion coefficient 𝐷  and net 

ionization frequency 𝑓i. 

 

 𝜕𝑛e

𝜕𝑡
− 𝐷∆𝑛e = 𝑆 = 𝑓i𝑛e (1) 

 

In that equation, 𝐷 takes a value close to an electron 

free diffusion coefficient 𝐷e at the edge of ionization 

front at which the electron number density is extremely 

low, although it takes a value of an ambipolar diffusion 

coefficient 𝐷a  of a bulk plasma. The propagation 

velocity derived from this equation is known to be 

2√𝐷𝑓i. If that value is different in terms of position, the 

velocity obeys its maximum [20]. An earlier 

computational study of the over-critical condition [9] 

showed that the computational propagation velocity was 

found in a region where the electrons diffuse freely 

because both 𝐷 and 𝑓i took maximum values there. In 

the under-critical case, something that increases 

ionization is needed for propagation. 2√𝐷𝑓i can take 

its maximum value near the bulk plasma in which the 

electron’s diffusion is ambipolar if something in the 

bulk plasma increases the ionization frequency 

sufficiently. The experimental propagation velocity 

𝑈ion  is 1 km/s when the intensity of an incident 

millimeter-wave 𝑆MMW is 2.5 GW/m2. In this case, if 

the diffusion coefficient is  𝐷a ≅ 1 × 10−3 m2/s  at 

the position deciding the propagation velocity, then a net 

ionization frequency 𝑓i  is expected to be 3 × 108 /s 

at that position. Here, it was assumed that the electron 

temperature is around 1 eV. The energy used by one 

electron per unit times for collisional ionization 𝜀i𝑓i is 

5 × 109 eV/s  when 𝜀i = 15.6 eV , which is the 

ionization energy of a nitrogen molecule. However, the 

energy absorbed by one electron with inverse 

bremsstrahlung is 6 × 1010 eV/s , whereas a 

momentum transfer frequency of electrons is 2 ×
1012 /s. Therefore, the 8% of absorbed energy goes to 

net ionization. That energy ratio is the value at the bulk 

but the total energy ratio is thought to take a similar 

value because most of the energy absorption occurs in 

the bulk plasma. Assuming that, the maximum electron 

number density can be derived from the following 

equation. 

 

 0.08 × 𝑆MMW

𝑈ion𝜀i

= 8 × 1022 /m3 (2) 

 

That density is so high that most of the incident beam 

energy is reflected at the plasma surface because that is 

two or three orders higher than the cutoff density of 

collisional plasma [21]. However, such reflection has 

never been observed in past discharge experiments. 

That fact suggests that the position determining the 

propagation velocity is not in the bulk plasma in which 

the diffusion coefficient is 𝐷a . The net ionization 

frequency needed to realize the experimental 

propagation velocity can take more capable value if the 

diffusion coefficient is 𝐷e at the position deciding the 

velocity. From the discussion presented above, one can 

infer that the position deciding the velocity is at a 

precursor ahead of the ionization front in which electron 

number density is sufficiently small that the diffusion 

coefficient is close to 𝐷e. 

A phenomenon which is important for the propagation 

should be able to affect the precursor and increase the 

ionization frequency. One of such phenomena is that a 

photon coming from the bulk plasma directly ionizes a 

neutral particle at the precursor, which is called 

photoionization. This phenomenon is mainly discussed 

in the field of streamer discharges and some behavior of 

the streamer head was explained by a model considering 

some photoionization processes [22,23] while the 

typical propagation velocity of the streamer head is 

more than two orders faster than the velocity of the 

ionization front discussed in this study. The 

photoionization effect depends only on the bulk 

condition and, generally, becomes stronger with higher 

electron temperature at the bulk. While the electron 

temperature considered in the computational research 

on the propagation in the over-critical condition [9] is 2 

eV, discussions in a previous spectroscopic research on 

the under-critical condition [24] suggested that plasma 

around the radiation source is in local thermodynamic 
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equilibrium (LTE) and the electron temperature at there 

is lower than 1 eV. Because the propagation in over-

critical condition can be well explained with a model 

without photoionization [9,10], it is unlikely that the 

photoionization begins to be effective in the under-

critical condition with weaker intensity of millimeter-

wave beam. Therefore, in this study, it was assumed that 

the photoionization effect is negligibly small, and 

another photonic effect which increases the ionization 

frequency was considered. The ionization frequency 

can be increased by electronically excited neutral 

particles. However, the excited neutral particles cannot 

be created sufficiently in the precursor because the 

electron number density is very small there, whereas 

these particles are created by collisions between an 

electron and a neutral particle. Despite that, the excited 

neutral particles can exist in the precursor if they are 

transferred from the bulk plasma via photons. The 

schematic images of the transfer processes proposed in 

this study are shown in Figure 3. The high-energy 

electronically excited species created at the bulk plasma 

by collision between an electron and a neutral particle 

quickly decay to the ground state in the time scale of 

10−10 s , thereby creating a photon. The photon is 

reabsorbed by a neutral particle in the ground state after 

traveling a short distance, recreating the excited species. 

Repeating these processes, the excited neutral particles 

are transferred to the precursor region. The ionization 

with this process can be more effective in the slower 

ionization-front having longer characteristic time 

because it takes time to carry enough excited neutral 

particles to the precursor. In this study, a new 

propagation mechanism in which the high-energy 

electronically excited neutral particle play an important 

role was proposed. The possibility of the propagation 

with this mechanism was discussed with one-

dimensional computation using a simple model. 

 

 
FIG. 3. Schematic images of the excited neutral-particle 

transfer process. Excited neutral particles are carried to the 

precursor by repeating the process (a) and (b), and ionize with 

the collision (c). 

 

III. Computational Models and Methods 

To produce a computational model, the following five 

assumptions were used for simplicity. (1) The only air 

components are nitrogen molecules. The previous 

experimental results in the over-critical condition [2] 

suggested that there is no big difference between the 

propagation velocity in air and that in the pure nitrogen. 

(2) Motions of neutral particles, which are nitrogen 

molecules, are negligibly small compared to the 

ionization front. (3) The energy distribution of electrons 

obeys a Boltzmann distribution determined by the 

electron temperature 𝑇e. (4) The energy distribution of 

vibrational excitations obey a Boltzmann distribution 

determined by the vibrational temperature 𝑇v . (5) 

Energy distribution of electronic excitation except 

ground state obeys a Boltzmann distribution determined 

by the electron temperature at bulk plasma (𝑇e)B 

because most of the electronically excited neutral 

particles derive from the bulk. For that reason, the 

number densities of the electronically excited neutral 

particles with excitation level 𝑖, which is described as 

𝑛n,𝑖
∗ , obey the following equations. 

 

 
𝑛n,𝑖

∗ =
𝑛n

∗

𝑍ex

exp (−
𝜖𝑖

(𝑇e)B

) (3) 
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In that equation, the number density of all the 

electronically excited neutral particles 𝑛n
∗   and a 

partition function 𝑍ex are defined as shown below. 

 

 𝑛n
∗ ≡ ∑ 𝑛n,𝑖

∗

𝑖≠0

     𝑍ex ≡ ∑ exp (−
𝜖𝑖

(𝑇e)B

)

𝑖≠0

 (4) 

 

 The most important part of the propagation 

mechanism proposed herein is transportation of the 

excited neutral particles by photon. Assuming that the 

photon created with a radiative decay of an excited 

neutral particle is not absorbed except in the 

reabsorption process recreating an excited neutral 

particle, the photoexcitation rate at arbitral point 𝒓 

caused by photons created by the decay process at point 

𝒓′, which described as 𝑆𝒓(𝒓′), is expressed as follows. 

 

 

𝑆𝒓(𝒓′) =
𝜅𝐴Ei𝑛n

∗ (𝒓′) exp (−𝜅|𝒓 − 𝒓′|)

4𝜋(𝒓 − 𝒓′)2
 (5) 

 

In that expression, 𝐴Ei  and 𝜅  respectively denote 

Einstein’s A coefficient, which is the frequency of 

radiative decay, and an absorption coefficient of the 

photons. Net photoexcitation rate at the point 𝒓 can be 

obtained by integrating 𝑆𝒓 over the entire region where 

photons can come from and subtracting the number of 

decays at the point 𝒓 from it. A photon created from a 

radiative decay of a high-energy excited particle, which 

is important for ionization, is reabsorbed with a mean 

free path of around 10−5 m [25]. That is much smaller 

than the typical scale of an ionization front of 

approximately 10−4 m  [26]. In such a case, the 

increased amount of a number density of excited neutral 

particles at an arbitrary point is described as the 

following, considered until the second order of Taylor 

expansion. 

 

 𝐴Ei

3𝜅𝟐

𝜕2𝑛n
∗

𝜕𝑧2
 (6) 

 

Using the approximation presented above, a continuity 

equation of a number density of excited neutral particles 

can be presented as the following diffusion-form 

equation. 

 

 𝜕𝑛n
∗

𝜕𝑡
− 𝐷ex

𝜕2𝑛n
∗

𝜕𝑧2
= 𝑆ex        𝐷ex ≡

𝐴Ei

3𝜅2
  (7) 

 

Therein, 𝑆ex  is a source term of the excited neutral 

particles. According to an earlier study of the excited 

fluorescence [27] and absorption coefficient [25] of a 

photon, typical values of 𝐴Ei  and 𝜅  for the excited 

neutral particles for which the excitation energy is 

higher than 13 eV are around 1010 /s  and 105 /m , 

respectively. Therefore, 𝐷ex  for such high-energy 

excited neutral particles are on the order of 1 m2/s. For 

the present study, it was assumed that the values of 𝐷ex 

are the same, which is on the order of 1 m2/s , 

irrespective of the excitation states for simplicity. 

Although that is not real, this assumption is sufficient 

for discussing the possibility of the propagation 

mechanism because the density of the high-energy 

excited neutral particle, which is important for 

ionization at least, was close to the real value with this 

assumption. The following equation was used to 

compute the source term of the excited neutral particles 

𝑆ex. 

 

 𝑆ex = 𝑛e𝑛n,0
∗ ∑ 𝐾0,𝑖

𝑖≠0

− 𝑛e ∑ 𝑛n,𝑖
∗ 𝐾𝑖,0

𝑖≠0

 

−𝑛e ∑ 𝑛n,𝑖
∗ 𝐾𝑖,ion

𝑖

+ 𝑛e
3 ∑ 𝑟𝑖

𝑖

− 𝜈q𝑛n
∗  

(8) 

 

In this source term, excitations from the ground state to 

an excitation level 𝑖, deexcitations from an excitation 

level 𝑖 , ionizations from an excitation level 𝑖 , and 

three-body recombination to an excitation level 𝑖 were 

considered, whereas 𝐾0,𝑖 , 𝐾𝑖,0 , 𝐾𝑖,ion , and 𝑟𝑖 

respectively denote the reaction rate coefficients for the 

reactions. Also, 𝑛n,0
∗   and 𝑛n,𝑖

∗   respectively represent 

the number densities of the neutral particles on the 

ground state and a number density of the neutral particle 

on the excitation level of 𝑖. The last term of Eq. (8) is 

the term of quenching or other decay process of the 

excited neutral particles without radiation. Decay with 

radiation is included in the diffusion term of Eq. (7). 

This quenching frequency depends on the excited 

species. It is difficult to estimate especially for high-

energy excited species. Therefore, the model was 

discussed while ignoring quenching term first. The 

range of the quenching frequency with which the 

discussion presented above is applicable was sought 

from the computation changing that frequency.  

To ascertain the electron number density, the 

following diffusion equation was used. 

 

 ∂𝑛e

∂𝑡
− 𝐷eff

𝜕2𝑛e

𝜕𝑧2
= 𝑓i𝑛e (9) 

 

Therein, 𝐷eff is an effective diffusion coefficient as the 

following proposed in past research [9]. 

 

 
𝐷eff =

𝛼𝐷e + 𝐷a

𝛼 + 1
        𝛼 ≡

𝜆D
2

𝐿2
 (10) 

 

In those equations, 𝜆D  and 𝐿  respectively represent 

the Debye length and the scale length of the ionization 

front. The ionization frequency was derived from the 

following equation, considering the collisional 

ionization, two-body recombination, and three-body 

recombination. 

 

 𝑓i = 𝑛n,0
∗ 𝐾0,ion + ∑ 𝑛n,𝑖

∗ 𝐾𝑖,ion

𝑖≠0

 

−𝑛e𝑟2B − 𝑛e
2 ∑ 𝑟𝑖

𝑖

 
(11) 
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Therein, 𝑟2B represents the reaction rate constant of 

two-body dissociative recombination.  

The rate coefficient for the reactions between an 

electron and a neutral particle in its ground state was 

obtained by convolution integration of the electron-

energy distribution function determined by the electron 

temperature and the cross section obtained from the 

database [28], whereas rate coefficients for ionizations 

of an excited neutral particle were derived from a 

classical approximation equation [29]. The coefficient 

of electron collisional deexcitation and three-body 

recombination were determined to satisfy Saha-

Boltzmann equation in the case of thermal equilibrium. 

The two-body recombination coefficient was 

determined as follows referring to the previous study 

[30,31]. 

 

 
𝑟2B = 10−13 (

300 K

𝑇e

)
0.5

   m3 s⁄  (12) 

 

Although that is a rough estimation, that is enough to 

evaluate the propagation velocity because 

recombination is not effective in the precursor with a 

low electron number density but behind the ionization 

front at which the number density starts decreasing. 

To compute the electromagnetic field, Maxwell’s 

equations were used. 

 

 𝜕𝐻x

𝜕𝑧
= 𝜀0

∂𝐸y

∂𝑡
+ 𝐽e (13) 

 𝜕𝐸y

𝜕𝑧
= 𝜇0

∂𝐻x

∂𝑡
 (14) 

 

These equations were coupled with the following 

motion equation of electrons. 

 

 d𝐽e

d𝑡
=

𝑒2𝑛e

𝑚e

𝐸y − 𝜈m𝐽e (15) 

 

The root mean square values of the electric field 𝐸rms 

were derived for each period of the incident millimeter 

wave. Energy absorbed by an electron per unit time 

𝑠abs was derived from the following equation.  

 

 
𝑠abs =

𝑒2𝐸rms
2𝜈m

𝑚e(𝜔2 + 𝜈m
2)

 (16) 

 

The electron temperature in each cell was found 

assuming the energy balance described as following 

equation. 

 

 
𝑠abs𝑛e =

3

2
𝑘B𝑇e

𝜕𝑛e

𝜕𝑡
 

+𝜖ex + 𝜖v + 𝜖ion + 𝜖el 

(17) 

 

Therein, 𝜖ex, 𝜖v, 𝜖ion, and 𝜖el are the energy going to 

the electronic excitation, the vibrational excitation, the 

ionization, and the translational energy of heavy 

particles with elastic collisions, respectively. 

The timestep and mesh size were found considering 

the mesh-convergence result. The computations were 

conducted on a one-dimensional domain of which the 

length was set to 8λ. PML boundary conditions were 

used as absorption boundaries placed at both edges of 

the domain. The initial plasma, the electron number 

density, and the vibrational excitation energy were 

given in a Gaussian spot where the peak position was 

0.5λ from the boundary opposite to the millimeter wave 

incident direction. The ionization front propagating 

from this initial plasma toward the beam source was 

computed. The computations were conducted by 

changing the incident beam intensity for various 𝐷ex. 

 

IV. Results and Discussion 

Figure 4(a) shows distributions of the electron number 

density and electron temperature after 14.1 μs  from 

the initial value obtained in the calculation with 𝐷ex =
2 m2 s⁄   and the incident beam intensity of 

2.2 GW m2⁄  . The electron number density increased 

gradually from the initial value. Propagation bulk-

plasma having electron number density and electron 

temperature of around 3 × 1021 /m3  and 1 eV, 

respectively, was formed after approximately 3 μs. The 

propagation velocities obtained from the calculation 

changing incident-beam intensity from 1.0 GW m2⁄  to 

2.6 GW m2⁄   by 0.4 GW m2⁄  are shown in Figure 1. 

The propagation velocity was about 50% of the 

experimental value, irrespective of the incident beam 

intensity. It showed very good agreement compared 

with values calculated in earlier studies. Figure 4(b) 

portrays distributions of 𝐷eff , 𝑓i  , and 2√𝐷eff𝑓i 

around the ionization front. Also, 𝑓i maintained a high 

value until 𝐷eff approached an electron-free diffusion 

𝐷e  with waving attributable to the influence of a 

standing wave of a millimeter wave. Results show that 

2√𝐷eff𝑓i  was maximized near the boundary where 

diffusion becomes 𝐷e , forming a precursor that 

determines the propagation velocity. 

 

 

 
FIG. 4. (a) The time evolution of 𝑛e  distribution and 

distributions of 𝐸rms , 𝑇e  and 𝑇v  at 14.1 μs  from the 
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initial value. (b) Distribution of 𝑓i , 𝐷eff , 2√𝐷eff𝑓i  and 𝑛n
∗  

at 14.1 μs from the initial value. 

 

 Next, the dependence of 𝐷ex  on the propagation 

was examined using calculations changing 𝐷ex  from 

0.2 m2 s⁄   to 2.6 m2 s⁄  . The obtained computational 

velocities normalized by the experimental velocities are 

shown in Figure 5(a). When 𝐷ex  is greater than 0.6 

m2 s⁄  , the propagation velocities were approximately 

50% of the experimental values irrespective of the 

incident beam intensity, but when they were less than 

this, the velocity was markedly lower. Moreover, as 

𝐷ex becomes smaller, the 𝜆 4⁄  structure attributable to 

the standing wave becomes increasingly prominent. The 

propagation velocity became almost constant at large 

𝐷ex because the number density of the excited neutral 

particles at the precursor hardly increased when the 

scale length of that number density distribution reaches 

the length between the precursor and the bulk due to 

large 𝐷ex. 

To investigate the influence of de-excitation caused by 

quenching or other effects including collisional reaction 

between heavy particles and dissociation, the quenching 

frequency 𝜈q  was changed from 105 /s  to 107 /s . 

Moreover, 𝐷ex was fixed at 2 m2 s⁄ . The propagation 

velocities obtained from these computations are 

presented in Figure 5(b). When the quenching 

frequency was lower than 106 /s , the propagation 

velocity retained its value at 50% of the experimental 

value, but when the frequency was greater, the velocity 

drops gradually to about 30% at the frequency of 

107 /s. 

The numerical results above demonstrate that the 

ionization front propagation with velocity of around 

50% of the experimental value can be reproduced using 

the proposed mechanism. Although the result is better 

than results obtained using earlier models, still 50% 

difference exists. This difference is thought to derive 

from simplification of the model or the energy 

concentration because of the ionization front structure. 

Therefore, modifications of the model or multi-

dimensional computations must be made to eliminate 

this difference. 

 

 
FIG. 5. (a) Ionization front propagation velocities normalized 

by experimental velocity for various 𝐷ex (b) and for various 

𝜈q. 

 

V. Conclusion 

A new mechanism of an ionization front propagation 

in an under-critical millimeter-wave beam was 

proposed in this study. The high-energy excited 

particles transported by photons form a bulk driving the 

propagation. This mechanism was simply modeled. The 

propagation with this mechanism was simulated 

numerically. The propagation velocities obtained from 

this computation were around 50% of the experimental 

value when the quenching frequency was lower than 

106 /s. Compared with computational results obtained 

using past models, that value showed good agreement 

with results obtained from experimentation. 
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