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Abstract
The single particle motion analysis and particle-in-cell merged with Monte Carlo collision
(PIC/MCC) simulations are compared to explain substantial breakdown voltage reduction for
helium microwave discharge above a critical frequency corresponding to the transition from the
drift-dominant to the diffusion-dominant electron loss regime. The single particle analysis
suggests that the transition frequency is proportional to the product of -p m and ( )- +d m 1 where p
is the neutral gas pressure, d is the gap distance, and m is a numerical parameter, which is
confirmed by the PIC simulation. In the low-frequency or drift-dominant regime, i.e., ‐g regime,
the secondary electron emission induced by ion drift motion is the key parameter for determining
the breakdown voltage. The fluid analysis including the secondary emission coefficient, g,
induces the extended Paschen law that implies the breakdown voltage is determined by pd, f p,
g, and d R where f is the frequency of the radio or microwave frequency source, and R is the
diameter of electrode. The extended Paschen law reproduces the same scaling law for the
transition frequency and is confirmed by the independent PIC and fluid simulations.

Keywords: microplasma, breakdown, transition, scaling, Paschen’s law, PIC simulation, fluid
simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Both basic and applied researches in the atmospheric cold
plasmas have grown exponentially in the past two decades
[1]. There exist numerous operating sources and many dif-
ferent forms of discharge devices including DC [2], pulsed
[3], RF [4, 5], microwave [6, 7], and dual frequency [8].
Recently, applications using microwave frequency source are
emerging due to several advantages such as higher electron
temperature and higher density of radical species [1, 7, 9, 10],
particularly in biomedical area.

There has been considerable research on the gas break-
down mechanism and validity of the Paschen law for a wide
range of driving frequencies [11–14] and gap distances
[15, 16]. Such fundamental research is essential because
understanding of the breakdown process at different condi-
tions is useful not only for development of efficient plasma
source devices but also for controlling the plasma parameters
in individual applications. For example, in numerical simu-
lations and several experiments [14, 17–20] for various dis-
charge conditions, abrupt transitions in the breakdown
voltage have been observed (see figure 1), implying the shift
of breakdown mechanism.

In this paper, we propose that the abrupt transition cor-
responds to the transition from the so-called ‐g regime [21] to
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‐a regime [22]. In the ‐g regime, the secondary emission is the
key source of electrons for discharge sustainment because of
large electron-drift wall loss driven by the electric field. In the

‐a regime, however, the breakdown rarely depends on the
secondary emission. At critical condition (determined by gap
distance, pressure, and/or driving frequency), the electron
drift amplitude, which is defined as the amplitude of oscil-
lating electrons forced by high-frequency electric field,
becomes smaller than the electrode gap and the electron wall
loss is minimized. This improved confinement of electrons is
responsible for the breakdown voltage reduction.

This conjecture is verified by the single particle ana-
lysis and is also corroborated by the particle-in-cell simu-
lations merged with Monte Carlo collision (PIC/MCC)
[23, 24]. In particular, the scaling law, which describes the
relation among the transition frequency, gap distance, and
neutral gas pressure, is derived from the single particle
analysis and confirmed by the PIC simulations. Further-
more, the dependence of the breakdown voltage on these
parameters is analyzed using fluid equations under the drift-
diffusion approximation [13, 14]. The fluid analysis yields
an extended Paschen law which represents the breakdown
voltage as a function of not only the neutral gas pressure
and gap distance but also the driving frequency and geo-
metry of electrodes incorporating the secondary emissions
for ‐g regime and the same scaling law as a corollary. The
extended Paschen law is validated by the PIC and fluid
simulations [25, 26].

2. Scaling law for transition frequency

The abrupt breakdown voltage transition is observed in the
PIC simulations as illustrated in figure 1, showing a typical
‘Z’ transition of the breakdown voltage on the driving fre-
quency. The numerical parameters and simulation conditions

used to ensure the reliable results are detailed in [20]. The
transition frequency fc is defined as the right-most extremum
in the ‘Z’ shape breakdown curve. The single particle analysis
to be explained below in detail shows that the transition
region (highlighted in figure 1) corresponds to a certain range
of the amplitude of electron drift motion ( )Dx normalized by
the electrode gap distance d, = Dr x d .

To describe the transition mechanism, let us consider the
kinetic single particle motion along the RF field line which is
perpendicular to the electrodes,

( )p n= -m eE ft m vcos 2 , 1e
v

t e e m
d

d rf
e

where me is the electron density, ve is the electron drift
velocity relative to the neutral gas particles, e is the electron
charge, Erf is the peak amplitude of RF electric field, and nm

is the electron-neutral momentum collision frequency. If we
neglect the space charge effect at the early stage of break-
down, =E V d,rf rf where Vrf is the amplitude of the RF
potential and d is the gap distance, then the electron motion
can be written,

( )∣ ∣ ( )p s= -ft n v v vcos 2 , 2v

t

eV

m d e e e e
d

d g g
e

e

rf

where ng is the neutral gas density, ( )s ve eg is the electron-
neutral momentum collision cross section [27]. Note that
the collision frequency ( )∣ ∣n s= n v vm e e eg g is an ensemble
average of elastic collisions of an electron (test particle) over
the neutral gas particles (field particles). Let us consider
the normalized single particle motion by multiplying ∣ ∣d ve0

2

and equation (2) where ve0 is the characteristic velocity of the
electron. Equation (2) becomes

ˆ ˆ ˆ ∣ ˆ ∣ ˆ ( )
∣ ∣

ˆ
∣ ∣

p l= - -
f t v vcos 2 , 3

v

v

t

eV

m v e e
d d

d

1

e

e

e e0

rf

0
2

where the normalized velocity of the electron ˆ ∣ ∣=v v v ,e e e0

normalized frequency ˆ =f fd v ,e0 normalized time ˆ =t tv d,e0

and normalized mean free path ˆ [ ( ˆ )]l s= -dn ve eg g
1.

In figure 1, the PIC simulation result is overlaid on the
solid curve that indicates the critical boundary, where the
contour line =r 0.5, at the transition frequency f .c Contour
line r is obtainable by solving equation (2) for Vrf with fixed
d, n ,g and constant seg (the latter condition is justifiable for
non-Ramsauer gas like Helium). This implies that when the
driving frequency decreases, the electron drift wall loss
becomes large enough (i.e., )>r 0.5 to cause transition
between a- and γ-regimes. Owing to the fact that the single
particle analysis does not consider the g effect, the PIC
simulations with different values of secondary emission
coefficient between 0.01 to 1 have been performed to check
any dependence of fc on g. The transition frequency decreases
slightly for larger g but the dependence is very weak; within
10% of the calculated fc from the single particle analysis at
=r 0.5. It is found that the extremum point of the breakdown

curve corresponds to =r 0.9. Therefore, the breakdown
curve may be divided into three separate regimes: g, trans-
ition, and a. Each regime corresponds to >r 0.9,

< <r0.5 0.9, and <r 0.5, repectively.
The scaling law, which describes the relation among the

transition frequency, gap distance, and neutral gas pressure,

Figure 1. The PIC simulation results of breakdown voltages for
atmospheric pressure He discharge between planar electrodes with
the gap distance of 400 μm, showing a typical ‘Z’ shape dependence
on the driving frequency. The breakdown voltage changes drastically
at the critical frequency fc indicated by the dashed line. The
transition region is bounded by the two solid lines obtained from the
single particle analysis corresponding to =r 0.5 and =r 0.9,
respectively.

2

Plasma Sources Sci. Technol. 26 (2017) 034003 M U Lee et al



has been checked by the PIC simulations as illustrated in
figure 2 for a wide range of neutral gas pressure and different
gap distances. Note that the previous simulation results [20]
and the PIC results studied in this paper with different initial
seed electron density conditions have different exponents of p
and d. The deviation is caused by the space charge effect from
the abundant initial seed electrons which shield the externally
applied electric field with the self-consistent electric field
creating better confinement for electrons, and thus it decreases
the transition frequency.

It is also interesting to compare the PIC with the fluid
simulation in figure 2. Using the fluid code FL1d [25], the
simulaion results show the same slope as the PIC simulation
results with the same n0 of -10 m .17 3 However, the absolute
values of the transition frequency in the fluid simulations are
much lower than those in the PIC simulations. Similar dis-
crepancies are often found between the FL1d and PIC but
both simulations tend to have the same trend [25, 26]. Even at
lower initial seed electron density, however, the scaling law
derived from the kinetic analysis or the PIC is not observed in
the fluid simulation. This implies that the fluid simulation
cannot fully depict the kinetic nature of the gas breakdown
[20]. The assumption of the Maxwellian electron energy
distribution taken by the fluid simulation is presumably the
main reason why the PIC and fluid simulation results show
such divergences [23, 25].

The normalized electron drift amplitude r as a function of
f̂ and l̂ derived from the numerical solutions of equation (3)
is shown as a contour plot in figure 3. The contour line
=r 0.5 of figure 3 corresponds to the boundary of significant

drift wall loss observed in figure 1, and the plasma regime
shifts from ‐a to ‐g regime below the contour line of =r 0.5
in figure 3 ( )>r 0.5 . The scaling law for the transition fre-
quency fc can be obtained by approximating the transition
boundary at =r 0.5 as ˆ l̂=f ,c

m
where m is a positive

exponent. Transformation of this relation into a non-normal-
ized form yields the desired scaling law for fc:

( )( )µ - - +f p d , 4c
m m 1

where p is the neutral gas pressure and d is the gap distance.

This scaling law originated from the single particle analysis
shows a good agreement with the PIC simulation results with

=m 0.4 only when the initial seed electron density is low
enough ( ) -n 10 m0

13 3 for minimal space charge effect.

3. Extended Paschen law for radiofrequency
microplasmas

For DC discharge, the breakdown voltage can be expressed as
a function of the product of the neutral gas pressure and gap
distance, which is known as Paschen law. In the case of RF
discharge, other factors such as f p and d R determine the
breakdown voltage, where R is the radius of the electrode in a
cylindrical discharge system [12, 14]. For radiofrequency
microplasmas, however, the extended Paschen law with the
ion bombardment induced secondary emission, ion-enhanced
field emission, or field-enhanced thermionic emission domi-
nant regimes has not been clearly investigated in the past.

In the transition and ‐a regime where the electron drift
amplitude over gap distance r is below 0.9, the secondary

Figure 2. Transition frequency with respect to (a) neutral gas pressure at a fixed gap and (b) gap distance at a fixed pressure for different
initial seed electron density n .0 Excellent agreement between the PIC and the single particle analysis is observed for low n0.

Figure 3. Normalized frequency against normalized mean free path.
Contour lines indicate = Dr x d, the ratio of the electron drift
amplitude ( )Dx over the gap distance ( )d .

3
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emission barely affects the breakdown voltage. In ‐g regime
( )>r 0.9 , however, the breakdown voltage strongly depends
on the secondary emission coefficient induced by the ion
bombardment due to the drift wall loss caused by high electric
field (see figure 4). For the fluid analysis, we simultaneously
consider the ion and electron density continuity equations
including the secondary emission, field emission, and ther-
mionic emission.

Because drift wall loss becomes more dominant than
diffusion loss in ‐g regime, the continuity equation of ion
density at the cathode with drift-diffusion approximation is

( )n m w= - ⋅¶
¶

¶
¶

n E tcos , 5n

t i e i
n

z rf
i i

where the ionization collision frequency of neutral gas
n a m w= ⋅ ⋅E tcos ,i e rf Erf is the RF electric field amplitude,
ni and ne are the ion and electron density, and mi and me are the
ion and electron mobility, respectively. The first Townsend
coefficient a is

( ) ( )a = ⋅ ⋅ -A p B p Eexp , 60 0 eff

where A0 and B0 are the constants related to the neutral gas
species that are independent from pressure and electric field
[13], and Eeff is the effective intensity of the RF field [11, 28]:

( )

( )

[ ( ) ( ) ]

= ⋅

= ⋅

n

n w

n

n p

+

+

E E

V

d
, 7

f p

eff rf 2

rf

2 2

e

eg

e

eg

g

2 2 1 2

g0

0
2 2 2 1 2

where n n= pe eg0 g is the electron-neutral collision rate at the
unit neutral gas pressure (e.g. 1 Torr), and we use =E V drf rf

at the early stage of breakdown neglecting the space charge
effect. At the breakdown voltage, i.e., ¶ ¶ »n t 0i [13],
equation (5) becomes

( )n m w= ⋅¶
¶

n E tcos . 8i e i
n

z rf
i

The continuity equation of electron density at the cath-
ode, assuming the cylindrical discharge system, is written in
the form

( )
( )

n

m w

= +
¶
¶

+

- ⋅ + +

¶
¶

¶
¶

¶
¶

¶
¶

n D
r r

r D

E t s s

1

cos , 9

n

t i e
n

r

n

z

e
n

z i

T L

rf F

e e e

e

2

2

where DT is the transverse diffusion coefficient of electron,
DL is the longitudinal diffusion coefficient of electron, si is
the rate of secondary electron emission induced by the ion
bombardment, and sF is the rate of the field emission or field-
enhanced thermionic emission considering the Schottky effect
with high applied electric field, i.e., thermo-field emission
[29–33].

We first consider the two surface source terms. The rate
of secondary electron emission governed by the ion impact is

( )
( )

( )g m w gn

=
´

= ⋅ ⋅ =¶
¶

⎡⎣ ⎤⎦

s

E t n

secondary emission coefficient
ion wall loss by the drift motion

cos , 10

i

i
n

z i erf
i

where ion wall loss by the drift motion comes from
equation (8).

For cathodes with negligible thermionic emission, the
effective secondary emission coefficient [29] for the field
emission, g ,F can be expressed as

[ ( )] ( )g w= - ⋅K B E texp cos , 11F rf

where K is the gas and material dependent constant. B is the
constant from the Fowler Nordheim tunneling theory [30, 31],
which depends on the work function of the material and
surface irregularity. In this study, the applied DC electric field
used in [29] is replaced by the applied RF field w⋅E tcosrf .

On the other hand, for cathode materials with high
thermionic effect, the total field-enhanced thermionic emis-
sion current density considering the Schottky effect [32, 33] is
given by

( ) ( )
( )

j p= -J AT e k T e E k Texp exp 4 ,

12
C CF

2
B C

3
0 B C

where A is the Richardson’s constant, TC is the temperature of
the cathode, j is the work function of the material, kB is the
Boltzmann’s constant, and 0 is the vacuum permittivity. The
second exponential term is related to the Schottky effect
which considers the field enhanced thermionic emission at the
cathode. The electric field at the cathode, E ,C can be
decomposed into the externally applied electric field

w⋅E tcosrf and the time-varying ion-enhanced field +E [29].
Assuming w⋅ +E t Ecos 1rf / we transform equation (12) to
the following form

( ) ( )p w» ⋅ +J J e E t E k Texp 4 cos 2 , 13EF
3

0 rf B C

where ( )j= -J AT e k TexpE C
2

B C ( w p⋅e E texp cos 43
rf 0

)k TB C is the thermionic emission enhanced by the
external electric field. The ion-enhanced field has a power law

Figure 4. In the α-regime above the transition frequency, the
breakdown voltage is rarely affected by the secondary electron
emission coefficient γ. In the γ-regime below the transition
frequency, the breakdown voltage significantly depends on the value
of γ.
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relation with the total field emission current density [29]

( )= =+ +E CJ CGJ , 14F
n

where C is the constant determined by the ionic mobility and
the electrode microgeometry, +J is the ion current density, G
is the constant attributed to the electron and ion trajectories,
and n is the pressure dependent constant. Equation (13)
becomes

( ) ( )p w= ⋅J J e E t CGJ k Texp 4 cos 2 . 15E
n

F
3

0 rf F B C

This transcendental equation can have a unique solution
only if [ ( ) ]p w¶ ⋅ ¶J e E t CGJ k T Jexp 4 cos 2E

n3
0 rf F B C F

=1 [29], which yields the following relation:

( ) ( )=J J nexp 1 . 16EF

Let us define the effective thermionic emission coeffi-
cient under the high electric field as a ratio of the field-
enhanced thermionic emission current density over ion cur-
rent density,

( ) ( )
g p w= = = ⋅

⋅

+J J J GJ J e E t

Cn n k T

4 cos

exp 1 2 . 17

n
EF F F F

3
0 rf

B C

The rate of the field emission or the thermionic emission
including the Schottky effect with high electric field can be
written as

( )g m w g n= ⋅ ⋅ =¶
¶

⎡⎣ ⎤⎦s E t ncos . 18i
n

z i eF F rf F
i

The electron density continuity equation (9) then
becomes

( )( )

( )

g g n

m w

= + + +

+ - ⋅

¶
¶

¶
¶

¶
¶

¶
¶

¶
¶

n D r

D E t

1

cos . 19

n

t i e r r

n

r

n

z e
n

z

F T
1

L rf

e e

e e
2

2

The boundary conditions for ( )n r z t, ,e are

( ) ( )=n R z t, , 0, 20e

( ) ( ) =n r t, , 0. 21e
d

2

By using the method of separation of variables, we have
the following breakdown condition

( )
( )

( )

{ [ ( ) ( )]}
( )

g g

p
m p

+ + ⋅ -

= + ⋅
-

m

⎡⎣ ⎤⎦

pd

V pd f p

1 exp

2.405
1

,

22

A V

D

B

E p

d

R

D

D
e

F

2 2

0 rf
2 2

e0 0 rf

T0

0

eff

L0

T0

where =D D p,T0 T =D D p,L0 L and m m= pe e0 are the
transverse, longitudinal diffusion coefficients, and the mobi-
lity of the electron at the unit neutral gas pressure, respec-
tively. The breakdown voltages in γ-, transition, and α-
regimes comply with the following extended Paschen law,

( ) ( )g=V V pd, , , . 23f

p

d

Rrf

This extended Paschen law is valid unless the field or
thermionic emission acts as a primary electron source because
the effective field emission or field-enhanced thermionic
emission coefficient, g ,F depends on the electric field.

For the PIC simulation, the radius of electrodes of which
area is 0.1 m2 is substantially big compared with the gap
distance; thus the edge effect and d R dependency can be
ignored. The breakdown curves verifying the extended
Paschen law are shown in figure 5. Figure 5(a) shows that the
breakdown voltages are different with varying frequency. The
breakdown curves in figure 5(b), however, overlap each other
for all regimes when the driving frequency is divided by the
neutral gas pressure. After reproducing the extended Paschen
law of the breakdown curves using the fluid simulation [25]
as shown in figure 6, the overlapping breakdown curves
which show an identical tendency to that of the PIC simula-
tions were obtained demonstrating the validity of the exten-
ded Paschen law derived from the fluid analysis.

The scaling law can be also derived from the extended
Paschen law; the two overlapping breakdown curves have the
same ratio of the transition frequency over the neutral gas
pressure as long as they comply with the extended Paschen
law conditions, i.e., =p d p d1 1 2 2 and =f p f p1 1 2 2.

( ) ( ) ( )
( )

= =
- - +

. 24
f

f

p

p

p

p

m
d

d

m 1
c

c

1

2

1

2

1

2

1

2

4. Conclusions

For the micro-sized RF or microwave He plasma gas break-
down, we demonstrate that there is an abrupt breakdown
transition at certain frequency, neutral gas pressure, and gap
distance following the scaling law by using the single particle
analysis and the PIC simulations. When the ratio, r, of the
electron drift amplitude over the gap distance calculated from
the single particle analysis, is bigger than 0.9, the breakdown
voltage intensely depends on the secondary emission coeffi-
cient (γ-regime), whereas the secondary emission has little
effect on the breakdown voltage for <r 0.9 (transition and α-
regimes). The single particle analysis suggests that the
transition frequency, f ,c is proportional to -p m and ( )- +d m 1 by
using the characteristic scale method. The scaling law is well
supported in the PIC simulation results. The same scaling law,
however, is not corroborated in the fluid simulation results as
the fluid simulation cannot fully depict the kinetic nature of
the gas breakdown.

From the fluid analysis, the extended Paschen law for RF
or microwave gas discharge from γ- to α-regimes is derived
with the ion and electron density continuity equations. The
high-frequency gas breakdown voltage can be expressed as a
function of pd, f p, g, and d R unless the field emission or
the thermionic emission becomes dominant during the dis-
charge process. The PIC simulations show that the extended
Paschen law is valid in the frequency over neutral gas pres-
sure domain for the same pd. The fluid simulations also
validate the same extended Paschen law. The scaling law
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induced from the fluid analysis using the extended Paschen
law, is identical with the law obtained from the single particle
analysis and the PIC simulation.
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