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Air breakdown induced by the microwave with two mutually
orthogonal and heterophase electric field components*
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The air breakdown is easily caused by the high-power microwave, which can have two mutually orthogonal and
heterophase electric field components. For this case, the electron momentum conservation equation is employed to deduce
the electric field power and effective electric field for heating electrons. Then the formula of the electric field power is
introduced into the global model to simulate the air breakdown. The breakdown prediction from the global model agrees
well with the experimental data. Simulation results show that the electron temperature is sensitive to the phase difference
between the two electron field components, while the latter can affect obviously the growth of the electron density at low
electron temperature amplitudes. The ionization of nitrogen and oxygen induces the growth of electron density, and the
density loss due to the dissociative attachment and dissociative recombination is obvious only at low electron temperatures.
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1. Introduction

The high-power microwave easily causes the air break-
down because of its strong electric field.['! The air break-
down is involved in many important applications, such as high-
power microwave systems, biomedical applications, and sur-
face treatments. ! In order to improve these applications, we
must master the characteristics of the air breakdown, which in-
clude the breakdown formation time, breakdown electric field,
breakdown plasma dynamics and pattern, and the microwave
transmission in the breakdown plasma.

In recent years, many scholars have studied the air break-
down caused by the high-power microwave.[’-1%1 Nam et
al. introduced the pressure-independent enhanced electron
energy distribution function into the global model, and im-
proved fidelity for modeling the gas breakdown.!”! The two-
dimensional model coupling Maxwell equations with plasma
fluid equations was developed by Boeuf er al. to simulate the
patterns of breakdown plasma, in which the accurate diffu-
sion coefficient was adopted.®! Ford er al. used the finite-
difference time-domain method to solve a one-dimensional
model similar to that of Boeuf ef al., and predicted the break-
down formation time and the microwave transmission in the
breakdown plasma.l”! The Poisson and Boltzmann equations
were utilized by Zhu et al. to describe the air breakdown near
the dielectric window, and the results showed that the range
can be roughly divided into at least two regions, sheath region
and plasma region. %! Most of these studies above focused on
the case in which the microwave has one electric field com-
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ponent or two mutually orthogonal and inphase electric field
components. However, the microwave with two mutually or-
thogonal and heterophase electric field components frequently
appears in the waveguide or the near field region of the an-
tenna. We still know little about the air breakdown caused by
such microwave.

In this paper, we use the global model consisting of spa-
tially averaged continuity equations for charged particles and
an electron energy equation to describe the air breakdown due
to its great advantages in speed and simplicity. The global
model requires the knowledge of the electric field power heat-
ing the electrons. In order to study the air breakdown caused
by the microwave with the two mutually orthogonal and het-
erophase electric field components, we deduce the correspond-
ing electric field power from the electron momentum conser-
vation equation. We focus on how the phase difference be-
tween the two electron field components affects the electron
temperature and electron density in the breakdown process.
The dependence of the electron density on the reaction sets
of oxygen and nitrogen is considered. In addition, the break-
down prediction from the global model is compared with the
previous experimental data.

2. Global model
2.1. Basic equations

The global model consists of spatially averaged conti-
nuity equations for electron, N;r s 02+ , and O™, and an elec-
tron energy equation.’) When the background gas is air, these
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equations can be written as and O2-015 in Table 2) are the threshold energy and reaction

dn coefficient of the reactions in Tables 1 and 2, Koo is the energy

P Knosnenn, + (Koi4 — Kog)neno, — Koienengy transfer rate coefficient in the dissociative attachment collision
+ Kowneno- + Kownoyng, ) process, P is the electric field power for heating the electrons.
an+ Table 1. Oxygen reaction set, & is the threshold energy. (1
df = KN25 nCnNQ I (2) N -
o. Name Reaction &leV
an; 01 momentum transfer e+0; —e+0,y
dr = KOl4nen02 - K016neno§r —Koisno- ”o; , (3) 02 rotational excitation e+0; > e+0;(r) 0.02
03 vibrational excitation e+0; —>e+0;y (v=1) 0.19
dno- Kooneno, — Komeno- — Koigno-ngs 04 vibrational excitation e+0;—e+0, (v=2) 038
dr ? 2 05 vibrational excitation e+0; —e+0; (v=3) 0.57
— K019n02+ no-, @ 06 vibrational excitation e+0; —e+0, (v=4) 0.75
4 /3 ols o7 metastable excitation e+0; —>e+0, (dll Ag) 0.977
a@ (neTe > = P — neno, Z eiK; + Koo 08 I.netasta.ble excitation e+0; »e+0, (b_Z;_r) 1.627
dr \ 2 021209 09  dissociative attachment e+0, —e+0 4.2
NS 010  metastable excitation ~ e+0y —e+0; (c'EfATEZF) 4.5
— nen, Z &iK;, (5) o11 d%ssoc%at%on e+0; e+ O0(3P)+0(3P) 6.0
i=N2 012 dissociation e+0; —»e+0O(3P)+0O(ID) 84
013 dissociation e+0, —e+0(1D)+0(1D) 9.97
where ne, nn,, and no, are the electron, Ny, and O, densities, 014 ionization e+0, > e+0f +e 12.06
nN;r s nozr , and no- are the N+, O*, and O~ densities, T is 015 4 diss?ci.ative excita}tior.l e+0y — e++ 0+0* (3p3p) 14.7
the electron temperature T, = 2(¢) = 3 ["€f(€)de, where € 813 dissociative recombination et+0; =040
. . : electron impact detachment e+0" —e+O+e
is the electron energy and f(€) is the normalized electron en- 018  mutual neutralization 0 10 50+0,
ergy distribution function, &; and K; (i = N2-N25 in Table 1 019 detachment 0~ +0; -0+0;+e
Table 2. Nitrogen reaction set, & is the threshold energy.!'?!
No. Name Reaction &leV
N1 momentum transfer e+Ny —>e+Np
N2 rotational excitation e+Ny —e+N; (r) 0.02
N3 vibrational excitation e+Ny —we+Ny [v=1(0)] 0.29
N4 vibrational excitation e+Ny —e+Ny [v=1(0)] 1.60
N5 vibrational excitation e+Ny —e+Ny (v=2) 1.70
N6 vibrational excitation e+Ny —e+Ny (v=3) 1.90
N7 vibrational excitation e+Ny —»e+Ny (v=4) 2.00
N8 vibrational excitation e+Ny —e+Ny (v=5) 2.10
N9 vibrational excitation e+Ny = e+Ny (v=26) 2.20
N10 vibrational excitation e+Ny —e+ N, (v=7) 2.30
N11 vibrational excitation e+N; »e+N; (v=38) 2.50
Ni12 electronic excitation e+Ny; —e+Ny (A3, v=0-4) 6.17
N13 electronic excitation e+Ny; —e+Ny (A3, v=5-9) 7.00
Ni4 electronic excitation e+N; - e+N; (B3) 7.35
N15 electronic excitation e+Ny —e+Ny (W3) 7.36
N16 electronic excitation e+Ny; —e+N; (As,v>10) 7.80
N17 electronic excitation e+N; = e+N; (B-3) 8.16
N18 electronic excitation e+ Ny —»e+N;y (A-1) 8.40
N19 electronic excitation e+N; —e+Ny (Al) 8.55
N20 electronic excitation e+N; > e+Ny (W1) 8.89
N21 electronic excitation e+Ny; —»e+Ny (C3) 11.0
N22 electronic excitation e+N, »e+N; (E3) 11.9
N23 electronic excitation e+N; »e+N, (Al) 12.3
N24 electronic excitation e+ Ny — e+ N, (sum of singlets) 13.0
N25 ionization e+Ny —e+NJ +e 15.6
These rate coefficients can be obtained by integrating the  ionization of oxygen can be obtained as
. - . 2¢
corresponding collision cross section over the electron energy Koi4 = No, \/m7 oo14f(€)de, 6)
&n014 e

distribution function. For example, the rate coefficient for the where me. is the electron mass, and 0gj4 is the collision ion-
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ization cross section in oxygen. The detailed definition of
these rate coefficients can refer to the work of Nam ez al.l’]
The electron energy distribution function is obtained from the
Boltzmann equation solver Bolsig+ at the low T,!'3], and is
assumed as the Maxwellian distribution at the high 7. Next
we deduce the electric field power of the microwave with the
two mutually orthogonal and heterophase electric field com-
ponents.

2.2. Electric field power

The two mutually orthogonal and heterophase electric
field components of the microwave in time are written as

E(t) =
E,(t) = Eymcos(@t+Ag), (3)

xm COS(Q)Z‘), (7)

where Eyy, and Eyy are the electron field amplitudes in x-
and y-axis direction, respectively, w is the microwave angu-
lar frequency, and A¢ is the phase difference between the two
electron field components. When ignoring the magnetic field
force, which is much smaller than the electric field force, the
electron momentum conservation equation can be written as

((11—1; = % — VU, )
where e is the electron charge, and vy, is the momentum trans-
fer collision frequency whose definition is similar to K; above.
By using Eqgs. (7)—(9), the electron velocity is solved as

v(t) = Ue(t)ex + vy(t)ey, (10)
Exm m + i

De(t) = eExm [V nc:zs/(él)ti wgsm(wt)], (11

oy (1) = eEym [Vimcos(wf +A¢) + wsin(wr + Ag)] (12

Mme (VI% + wZ)

Then the electric field power is obtained as

Pz = eE(t)-v(t)
- ezE)%m .
= (o) [Vin + Vi cos(201) + @ sin(2t )]

n ezE)z,m
2me (V2 + ?)

+ osin(2wt +2A¢)]. (13)

[Vin + Vm cos(2t +2A¢)

Utilizing Eq. (13), we can deduce the average electric
field power as follows:

Pga

e(E(r)-v(1))
2 2
_ ezvm Etn +Eym7 (14)
me (V3 + @?) 2

where ( ) denotes the time average operation. It can be found
from Eq. (14) that Pg, does not depend on A¢. By comparing

Pg, in Eq. (14) with that of the dc electric field,!'*! the effective
electric field of the microwave can be defined as

Vm E)%m + Eyzm (15)
V242 2 '

By introducing the effective electric field into the empirical

Eer =

formulas for the ionization rate, one can easily estimate the
breakdown formation time and threshold.!'>! However, to ob-
tain more physical characters, we introduce Py of Eq. (13) into
the global model to simulate the air breakdown in this paper.
In order to well understand the following results, we can

further simplify Eq. (13). At intermediate and high pressures,
Vm > 0. Let Eyy = Eyyy = Ey, equation (13) is simplified as
follows:

- e’E2 v

" me (V2 + 02)
It can be found from Eq. (16) that Pz depends obviously on
A¢.

[14cos(20t +Ad)cos(Ad)]. (16)

3. Results and discussion

When using the global model to simulate the air break-
down, the initial conditions are taken as follows: n. =
10° m™3, mygy =78 % 10° m™3, ngy =2x 10> m™, and
no- =2 x 10* m™3. In this case, the electric neutrality holds
in the air at the initial time. We assume that the air is com-
posed of 20% oxygen and 80% nitrogen since the amounts of
other gases are very small in the air. The dependence of the air
number density on the pressure is 7, (m~3) = p(Torr) /760 x
2.44 x 10%.

Since the oscillation frequency of Fg is two times larger
than that of the electric field (see Eq. (16)), we can consider
the case of 0 < A¢ < w. Figure 1 shows the variation of
electron temperature and density with time at P = 760 Torr,
f=2.85GHz, E\y = Eyyy = 2.5 MV/m, and different A¢. The
electric field components of the incident microwave in time
can refer to Egs. (7) and (8). We see from Fig. 1(a) that the
electron temperature oscillates with time, and its oscillation
frequency is two times larger than that of the electric field. It
can be found from Eq. (16) that the electric field power Pg can
reach the maximum when A¢ = km (k =0, £7, 27, ...).
Therefore, among the four electron temperature amplitudes
corresponding to different A¢@, the one at Ag = 0 is maximum,
as shown in Fig. 1(a). At A¢ = 7/2, Ps can be approximated
as constant (see Eq. (16)), and therefore the electron temper-
ature 7. remains almost unchanged with time. In this case,
the electron temperature amplitude is minimum. At other A¢
such as 0.257 and 0.757, the electron temperature amplitude
lies between the maximum and the minimum.

We see from Fig. 1(b) that the phase difference A¢ plays
an important role in the electron density growth since the for-
mer affects the electron temperature obviously. At the high
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pressure, the electron temperature is low, and the ionization
occurs only at the electron temperatures higher than the critical
value. At the larger electron temperature amplitude, the ion-
ization rate is larger and the time of electron density growth
over one temperature period is longer. Therefore, the larger
the electron temperature amplitude is, the faster the electron
density grows. It can also be expected that the electron den-
sity growth is fastest at A¢ = 0, as shown in Fig. 1(b). We see
from Fig. 1(b) that the growth rate of the electron density is
close to a constant at Ag = 7r/2. This is due to the fact that the

electron temperature remains almost unchanged with time.

t/ns

Fig. 1. (color online) (a) Variation of electron temperature with time.
(b) Variation of electron density with time. P = 760 Torr, f = 2.85 GHz,
Exm = Eym = 2.5MV/m, and A¢ =0, 0.257, 0.57, 0.757.

Figure 2 shows the variation of electron temperature and
density with time at P = 76 Torr, f = 2.85 GHz, Exy = Ey =
2.5 MV/m, and different A@. At 76 Torr, the electron tempera-
ture amplitude is higher than that at 760 Torr. This is due to the
increase in the collision interval during which the electrons are
accelerated by the microwave and can gain energy. The effect
of A¢ on the electron temperature at 76 Torr is similar to the
case of 760 Torr. However, the difference among the electron
densities corresponding to different A¢ is small. This can be
attributed to the fact that the average electric field powers in
Eq. (14) for different A¢ are the same, and with high electron
temperature amplitudes, the reaction rate coefficients are not

sensitive to the electron temperature oscillation.

—A¢p=0

26 - Agp = 0.50m —— A

6 . . .
10°% 0.1 0.2 0.3

t/ns

Fig. 2. (color online) (a) Variation of electron temperature with time.
(b) Variation of electron density with time. P = 76 Torr, f = 2.85 GHz,
Exm = Eyn = 2.5 MV/m, and A¢ = 0, 0.257, 0.57, 0.757.

Figure 3 shows the breakdown formation time #, as a
function of air pressure at f = 2.85 GHz, Eyy = Eyn =
2.5 MV/m, and A¢ =0, 0.257x, 0.57, 0.757. The breakdown
formation time is defined as the time in which the electron den-
sity reaches 10% times the initial density.!'®! From the analysis
of Figs. 1 and 2, it can be expected that at high pressures, the
phase difference A¢ has an obvious impact on the breakdown
formation time #, and as the pressure decreases the impact be-
comes small, as shown in Fig. 3. In Fig. 4, corresponding to
the case of Fig. 3, the effective electric field (see Eq. (15))
normalized to the pressure is shown as a function of P -#, (the
pressure times the breakdown formation time). The simulation
results show the same trend as that in the experiment of Foster

et al.ll"]

—Ap=0

————— A¢ =0.257 o
100F .. A¢ = 0.50m 3

***** -A¢p =0.757

100 200 300 400 500 600 700 800
P/Torr
Fig. 3. (color online) Breakdown formation time #, as a function of air

pressure at f = 2.85 GHz, Exy = Eyn = 2.5 MV/m, and A¢ =0, 0.257,
0.57, 0.757.
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Fig. 4. (color online) Effective electric field normalized to the air pres-

sure Eer/P vs. P-ty at f =2.85 GHz, Eyy = Eypy = 2.5 MV/m, and
A¢ =0,0.257, 0.57, 0.757.
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Fig. 5. (color online) Reaction rates as a function of pressure when the
electron density reaches 108 times the initial density. f = 2.85 GHz,
Exn = Eyn =2.5MV/m, and A¢ = 0.57.

It can be seen from Eq. (1) and Tables 1 and 2 that the
variation of the electron density with time is related to the ion-
ization of nitrogen (N25), ionization of oxygen (O14), dis-
sociative attachment in oxygen (09), dissociative recombi-
nation in oxygen (016), electron impact detachment (O17),
and detachment in oxygen (O19). Figure 5 shows how these
reaction sets affect the variation of the electron density at
f=2.85GHz, E;y = Eyy = 2.5 MV/m, and A¢ = 0.57. It
is clear that the ionization of nitrogen and oxygen causes the
growth of the electron density. At low and moderate pres-
sures, the ionization rate of oxygen is lower than that of ni-
trogen, since the oxygen number density is smaller than that
of nitrogen. However, at high pressures, the ionization rate
of oxygen is close to or higher than that of nitrogen. This is
because T is low, and then the tail of the electron energy dis-
tribution locates in the low energy region, which causes higher
oxygen ionization due to its lower ionization threshold energy
(12.06 eV for oxygen and 15.6 eV for nitrogen). We also see
from Fig. 5 that the electron density loss due to the dissociative
attachment and dissociative recombination is obvious only at

high air pressures. The results similar to Fig. 5 can also be
observed at other A¢.

4. Conclusion

When the microwave has two mutually orthogonal and
heterophase electric field components, the electron momentum
conservation equation is employed to deduce its electric field
power and effective electric field for heating electrons. The
formula of electric field power, which depends obviously on
the phase difference between the electric field components, is
introduced into the global model to simulate the air breakdown
caused by the microwave. The breakdown prediction from the
global model agrees well with the previous experimental data.
The simulation results show that the electron temperature os-
cillates with time, and its amplitude depends obviously on the
phase difference between the two electric field components.
The phase difference has an important impact on the time evo-
lution of the electron density at low electron temperature am-
plitudes, and as the amplitudes increases, this impact becomes
small. This can be attributed to the fact that the average elec-
tric field powers for different phase differences are the same,
and with high electron temperature amplitudes, the reaction
rate coefficients are not sensitive to the electron temperature
oscillation. In addition, we find that the ionization of nitro-
gen and oxygen induces the growth of electron density, and
the density loss due to the dissociative attachment and disso-
ciative recombination is obvious only at high air pressures.

References

[1] Krile J T, Mcquage L, Edmiston G F, Walter J and Neuber A A 2009
IEEE Trans. Plasma Sci. 2009 37 2139
[2] Cook A M, Hummelt J S, Shapiro M A and Temkin R J 2013 Phys.
Plasmas 20 043507
[3] Zhao P, Guo L and Shu P 2017 Chin. Phys. B 26 029201
[4] Zhou Q H, Sun H F, Dong Z W and Zhou H J 2015 Acta Phys. Sin. 64
0175202 (in Chinese)
[5] Zhao P, Guo L and Li H 2015 Chin. Phys. B 24 105102
[6] Oda'Y, Komurasaki K and Takahashi K 2006 J. Appl. Phys. 100 113307
[7] Nam S K and Verboncoeur J P 2009 Comput. Phys. Comm. 180 628
[8] Boeuf] P, Chaudhury B and Zhu G Q 2010 Phys. Rev. Lett. 104 015002
[9] Ford P J, Beeson S R, Krompholz H G and Neuber A A 2012 Phys.
Plasmas 19 073503
[10] Zhu M, Chang C, Yan K, Liu C and Chen C 2015 [EEE Trans. Plasma
Sci. 43 1670
[11] Vahedi V and Surendra M 1995 Comput. Phys. Comm. 87 179
[12] The Siglo Data Base, CPAT and Kinema Software,
http://www.csn.net/siglo, 1998
[13] Hagelaar G J M and Pitchford L C 2005 Plasma Sources Sci. Technol.
14 722
[14] Khodataev K 'V 2013 Tech. Phys. 58 294
[15] Ali A W 1988 Laser and Particle Beams 6 105
[16] Nam S K and Verboncoeur J P 2008 Appl. Phys. Lett. 92 231502
[17] Foster J, Edmiston G, Thomas M and Neuber A 2008 Rev. Sci. Instrum.
79 114701

099201-5


http://dx.doi.org/10.1063/1.4798424
http://dx.doi.org/10.1063/1.4798424
http://dx.doi.org/10.1088/1674-1056/26/2/029201
http://dx.doi.org/10.1088/1674-1056/24/10/105102
http://dx.doi.org/10.1063/1.2399899
http://dx.doi.org/10.1016/j.cpc.2008.12.013
http://dx.doi.org/10.1103/PhysRevLett.104.015002
http://dx.doi.org/10.1063/1.4736863
http://dx.doi.org/10.1063/1.4736863
http://dx.doi.org/10.1109/TPS.2015.2419739
http://dx.doi.org/10.1109/TPS.2015.2419739
http://dx.doi.org/10.1016/0010-4655(94)00171-W
http://dx.doi.org/10.1088/0963-0252/14/4/011
http://dx.doi.org/10.1088/0963-0252/14/4/011
http://dx.doi.org/10.1134/S1063784213020126
http://dx.doi.org/10.1017/S0263034600003840
http://dx.doi.org/10.1063/1.2942382
http://dx.doi.org/10.1063/1.3010381
http://dx.doi.org/10.1063/1.3010381

	1. Introduction
	2. Global model
	2.1. Basic equations
	2.2. Electric field power

	3. Results and discussion
	4. Conclusion
	References

