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Simulation of ion generation and breakdown in atmospheric air
W. Zhang, T. S. Fisher,a) and S. V. Garimella
School of Mechanical Engineering, Purdue University, West Lafayette, Indiana 47907-2088
and Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907-2088

(Received 20 May 2004; accepted 23 August 2004)

Understanding of ion generation in air provides insights to several applications, such as gas sensors,
electrohydrodynamic pumping, and air purification. In this paper, ion generation processes in
atmospheric air are simulated using a particle-in-cell and Monte Carlo method with emphasis on the
prediction of ion generation and breakdown characteristics in microscale gaps. The simulation
results are validated through comparison to Townsend’s discharge theory and experiments. The
significance of each relevant electron-molecule reaction is characterized to improve understanding
of ion generation dynamics. Self-sustaining discharge and ionization are predicted under sufficient
voltage bias, and the predicted trends of breakdown voltage are similar to those obtained from
Paschen’s curve. Corrections to Paschen’s curve in microscale gaps also are identified and compare
well to experiments. Electron field emission produces stable electron current that suggests a
controllable ionization device without external electron injection sources. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1806264]

I. INTRODUCTION

Ion generation in air is an important process in various
applications such as nonmechanical pumping,1 isolation
breakdown prevention,2 and air purification.3 However, as
the miniaturization of devices continues into micron and sub-
micron regimes, modern applications and concerns have re-
kindled the interest in the study of microscale gas discharges.
Some recently proposed devices such as the gas sensor of
Modi et al.4 and the electronic-cooling pump of Schlitzet
al.5 employ small gaps either to enhance ionization current
or to reduce threshold voltage. Several recent experiments6,7

reveal unique characteristics of microscale discharges as
compared to large-scale discharges. Slade and Taylor8 indi-
cate that these deviations are related to field emission caused
by extremely high electric fields in microscale gaps. In this
paper, particle-based numerical simulation methods are em-
ployed to study ion generation and breakdown in atmo-
spheric air between closely and widely spaced electrodes.
The simulation results show good agreement with prior ex-
perimental results.6

Several processes occurring within a gaseous medium or
at electrodes have been identified since research on gaseous
ion generation and ionic breakdown was initiated by
Townsend9 in the beginning of the last century. Thea pro-
cess involves electron impact ionization. With sufficient en-
ergy gained between successive collisions, a free electron
can liberate one or more valence electrons from a neutral
molecule, resulting in a positive ion and one or more extra
free electrons. These free electrons can ionize other mol-
ecules and liberate more electrons under favorable condi-
tions. Theg process involves secondary electron emission

from the cathode surface by various processes such as
positive-ion bombardment. An ion strikes the cathode sur-
face with high kinetic energy, causing an electron to be re-
leased. The combined effect of thea and g processes is an
overexponential growth in the number of charge carriers and
the consequent ionic breakdown of the medium. Large-scale
gas discharge and breakdown have been studied for many
years. Sanders10 measured Townsend’s first ionization coef-
ficient sad in air. More recently, Chunget al.11 and Smith
et al.12 have studied gas discharge and breakdown with radio
frequency excitation, and ionization coefficients have been
reported for other gases and gas mixtures(e.g., helium and
tetrakis-dimethylaminoethylene,13 argon, and carbon
dioxide14).

Another important cathode process is field emission,
which refers to electron emission from a solid surface sub-
jected to a high electric field. As the electrode gap spacing
shrinks to the micron range, the local electric field under
moderate voltage can exceed a threshold, and electron field
emission can become a major electron source near the cath-
ode surface. The anode electron current is enhanced by the
addition of field-emitted electrons as well as the electrons
that they liberate within the gap. The theory of field emission
was first established by Fowler and Nordheim,15 and later
Good and Müller16 provided a comprehensive review of the
theory from first principles. To date, most gas discharge stud-
ies have considered large gaps with low-pressure conditions
relevant to industrial plasma processing17 where field emis-
sion is negligible. A comprehensive physics-based particle
model to simulate both electron field emission and the ensu-
ing ionization processes in the microscale regime has not yet
been reported. The present work employs Fowler-Nordheim
theory for field emission simulation and applies particle-in-
cell and Monte Carlo(PIC-MC) techniques to simulate ion
generation in atmospheric air and thus to predict ionization
coefficients, discharge current, and breakdown voltage be-
tween two parallel plates.

a)Author to whom correspondence should be addressed; Electronic mail:
tsfisher@purdue.edu
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The nonequilibrium nature and small length scales of
interest require subcontinuum methods to simulate the rel-
evant physical phenomena.18 Continuum fluid mechanics ap-
proaches fail at these scales because of the local inequilib-
rium that exists when the system’s characteristic length is of
the same order as the carriers’ mean free path.(The mean
free path of an electron in atmospheric air is<0.5 mm.8) The
particle simulation technique also reveals significant kinetics
details, such as average collision energy for each reaction,
that typically are not available from continuum methods. The
Monte Carlo approach has proven to be successful in simu-
lating rarefied gas flows, such as those found in ion thrusters
for space propulsion,19 and has been coupled with particle-
in-cell (PIC) methods successfully to simulate charged par-
ticle transport in plasma and radio frequency discharge
phenomena.20

Crucial inputs for PIC-MC simulation are the scattering
cross sections of relevant collisions. The ionization cross
sections of oxygen and nitrogen were first reported by Rapp
and Englander-Golden,21,22 and their work continues to be
cited regularly. Straubet al.23 recently presented ionization
cross sections for different ionization channels that enable
differentiation of the contributions of single and multiple
ionization events. Itikawaet al.24,25 collected cross-section
data between electrons and nitrogen and oxygen molecules.
The most detailed reviews of electron-molecule elastic and

excitation scattering cross sections can be found in recent
publications by Morgan26 and Brunger and Buckman.27

Of particular relevance to the present work are a few
recent reports of gas sensors and gas counters. Modiet al.4

observed significant changes in breakdown behavior for par-
ticular gases(Ar and NH3) at volume concentrations above
1%, and a gas sensor based on changes in breakdown voltage
caused by trace species is suggested. The gas gain in argon-
based gas counters28,29is shown to depend only on the partial
pressure of the admixture and exhibits an overexponential
relationship with applied voltage. The efficacy of such gas
ionization devices will depend on the understanding of mo-
lecular kinetics to enable effective filtering of signal noise,
and the approach outlined in the present work is capable of
including such information and modeling the effects of trace
species concentrations.

This paper describes relevant physics of particle-based
simulation of ion-generation processes in air within large and
small gaps. The model is general and can be used with other
gas species and mixtures, although we consider only air in
this paper. Ion-generation types and rates are considered as
functions of electron kinetic energies and scattering cross
sections. Ionization coefficients are calculated and agree well
with available experimental data. Breakdown voltages for a
variety of gap spacings are obtained and reveal a deviation
from the traditional Paschen’s curve, and this deviation has

TABLE I. Electron-nitrogen reactions included in the present model.Ethresholdis the threshold energy in units
of eV andsmax is the maximum cross section in units of 10−20 m2.

Index Type
Ethreshold

(eV)
smax

s10−20 m2d Reference

1 e+N2→e+N2, elastic 0.00 23.1 31 and 41
2 e+N2→e+N2srd, rotational 0.02 3.05 41
3 e+N2→e+N2 fv=1sIdg, vibrational 0.29 0.17 41
4 e+N2→e+N2 fv=1sII dg, vibrational 1.60 5.28 41
5 e+N2→e+N2 sv=2d, vibrational 1.70 3.63 41
6 e+N2→e+N2 sv=3d, vibrational 1.90 2.97 41
7 e+N2→e+N2 sv=4d, vibrational 2.00 2.62 41
8 e+N2→e+N2 sv=5d, vibrational 2.10 1.68 41
9 e+N2→e+N2 sv=6d, vibrational 2.20 1.91 41
10 e+N2→e+N2 sv=7d, vibrational 2.30 1.06 41
11 e+N2→e+N2 sv=8d, vibrational 2.50 0.40 41
12 e+N2→e+N2 sA3,v=0–4d, electronic 6.17 0.02 41
13 e+N2→e+N2 sA3,v=5–9d, electronic 7.00 0.07 41
14 e+N2→e+N2 sB3d, electronic 7.35 0.22 41
15 e+N2→e+N2 sW3d, electronic 7.36 0.28 41
16 e+N2→e+N2 sA3,v.10d, electronic 7.80 0.07 41
17 e+N2→e+N2 sB−3d, electronic 8.16 0.09 41
18 e+N2→e+N2 sA−1d, electronic 8.40 0.08 41
19 e+N2→e+N2 sA1d, electronic 8.55 0.22 41
20 e+N2→e+N2 sW1d, electronic 8.89 0.09 41
21 e+N2→e+N2 sC3d, electronic 11.0 1.07 41
22 e+N2→e+N2 sE3d, electronic 11.9 0.06 41
23 e+N2→e+N2 sA1d, electronic 12.3 0.04 41
24 e+N2→e+N2 (sum of singlets), electronic 13.0 1.94 41
25 e+N2→e+N2

+, ionization 15.6 2.15 23
26 e+N2→3e+N2

2+, ionization 30.0 0.76 23
e+N2→2e+N+N+, ionization

27 e+N2→3e+N+N2+, ionization 70.0 0.02 23
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been observed in prior experiments.6,7 The computations also
demonstrate that a stable electron current is possible in small
gaps without external excitation sources.

II. THEORY AND IMPLEMENTATION

The basic idea of PIC-MC is to use many simulated
(“super”) particles to represent a much larger number of real
particles and to move the particles self-consistently. Simu-
lated particles move subject to applied and space-charge-
induced fields and collide with other particles or boundaries.
These collisions are tracked in a Monte Carlo scheme in
which the free-flight and collision steps are treated sepa-
rately. The emitted electrons travel ballistically first, fol-
lowed by instantaneous binary collisions with target species
or boundaries. Meanwhile, the spatial information of charged
particles is recorded to calculate the electric field by solving
Poisson’s equation. Implementation details of the PIC-MC
method have been described by Vahedi and Surendra20 and
Birdsall and Langdon,30 and thus are not repeated here.

In the present study air molecules, assumed to be com-
prised of nitrogen and oxygen only, are regarded as back-
ground species and their number densitiesnt are assumed to
be constants. The actual number of possible reaction types
between air molecules and electrons is so large that any com-
prehensive accounting of all would be impractical. The ma-
jor electron-neutral molecule impact reactions, shown below
in Eqs.(1)–(5), are modeled with cross sections available in
the literature:23,26,31

e+ X2 → e+ X2 selastic,X = O or Nd, s1d

e+ X2 → e+ X2

sExcited statesd sexcitation,X = O or Nd, s2d

e+ X2 → 2e+ X2
+ or 2e+ X + X+

ssingle ionization,X = O or Nd, s3d

e+ X2 → 3e+ X2
2+ or 3e+ X + X2+

sdouble ionization,X = O or Nd, s4d

e+ O2 → O + O− sattachment, oxygen onlyd. s5d

The total number of reactions accounted in this work is
45. Each reaction is assigned an index number from 1 to 45,
and the maximum cross sectionssmaxd and threshold energy
sEthresholdd for each reaction are listed in Tables I and II. The
complete reaction cross sections can be found in the cited
Refs. 23, 26, and 31–33.

Equation(1) involves an elastic collision in which elec-
tron and neutral molecules exchange momentum only(reac-
tions 1 and 28). Elastic collisions have the largest cross sec-
tions in the lower energy range(shown in Figs. 1 and 2).
Although not directly associated with ionization, elastic col-
lisions can alter the electron energy distribution and thus
affect the number of electrons possessing energy above the
ionization threshold energy. Equation(2) represents many
different excitation reactions with different excitation ener-
gies. The present simulation includes one rotational excita-
tion reaction each for oxygen and nitrogen(reactions 2 and
30), nine vibrational excitation reactions for nitrogen and six
for oxygen (reactions 3–11 and 31–36), and thirteen elec-
tronic excitation reactions for nitrogen and six for oxygen
(reactions 12–24 and 37–42).

Equations(3) and(4) represent single and double ioniza-
tion reactions in which an incident electron liberates one or
two valence electrons from a molecule and forms an ion.
Depending on the energy, ionization can be nondissociative
or dissociative, i.e., the final ion products can be of either

TABLE II. Electron-oxygen reactions included in the present model.Ethreshold is the threshold energy in units
of eV andsmax is the maximum cross section in units of 10−20 m2.

Index Type
Ethreshold

(eV)
smax

s10−20 m2d Reference

28 e+O2→e+O2, elastic 0.00 9.68 33
29 e+O2→e+O−+O, negative ionization 4.90 0.02 33
30 e+O2→e+O2srd, rotational 0.08 0.10 33
31 e+O2→e+O2 fv=1sIdg, vibrational 4.00 0.27 33
32 e+O2→e+O2 fv=1sII dg, vibrational 0.19 2.04 33
33 e+O2→e+O2 sv=2d, vibrational 0.56 0.59 33
34 e+O2→e+O2 sv=2d, vibrational 4.00 0.12 33
35 e+O2→e+O2 sv=3d, vibrational 0.68 0.13 33
36 e+O2→e+O2 sv=4d, vibrational 0.79 0.05 33
37 e+O2→e+O2 (singletD), electronic 0.98 0.10 33
38 e+O2→e+O2 (singletS), electronic 1.63 0.02 33
39 e+O2→e+O2, electronic 4.50 0.11 33
40 e+O2→e+O2, electronic 6.00 0.25 33
41 e+O2→e+O2, electronic 8.40 1.32 33
42 e+O2→e+O2, electronic 9.97 0.08 33
43 e+O2→e+O2

+, ionization 12.0 1.80 23
44 e+O2→3e+O2

2+, ionization 18.0 1.05 23
e+O2→2e+O+O+, ionization

45 e+O2→3e+O+O2+, ionization 68.0 0.03 23
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molecular or atomic form. Equation(5) shows that oxygen
has a unique reaction in which an electron is attached to a
neutral molecule, producing a negative ion(reaction 29). We
note that the double molecular ionization and atomic ioniza-
tion (reactions 26 and 27 for nitrogen; reactions 44 and 45
for oxygen) have lower cross sections than the single mo-
lecular ionization(reactions 25 and 43), as shown in Figs. 1
and 2.

The ions are tracked in the Monte Carlo scheme once
they are generated. Only elastic and charge-transfer colli-
sions between ions and molecules, the two most probable
types of reactions,34 are accounted. Because ion-molecule
cross sections are not readily available, constant cross sec-
tions s1310−18 m2d were assumed with a hard-sphere colli-
sion model.20

In the analysis of gas discharges, cathode secondary pro-
cesses play a pivotal role. When sufficiently energetic ions
strike the cathode surface, electrons are liberated, accelerated
by the electric field, and collide with neutral molecules, thus
freeing more electrons and creating more ions. This positive
feedback process eventually causes breakdown in large gaps
and creates sparks and arcs. To simplify our analysis, we use
a constant secondary emission coefficientg=0.01, neglect-
ing possible dependence ofg on incident ion velocity and
cathode surface properties for different electrode materials.35

Field emission from the cathode is also included in the
present simulations. The phenomenon of field emission from
a cold metallic surface occurs as a result of quantum me-
chanical tunneling of electrons through a surface potential

barrier. From Fowler-Nordheim theory,15 the equation relat-
ing the surface current densityj sA cm−2d to the applied elec-
tric field F sV cm−1d and cathode work functionf seVd is

j =
Ab2F2

ft2syd
expH−

Bf3/2vsyd
bF

J . s6d

In the foregoing equation,b represents the enhancement fac-
tor for the local surface electric field caused by surface ge-
ometry, as compared to the electric field of a perfectly flat
surface with the same applied voltage and gap width. The
termsA and B are Fowler-Nordheim constants.16 The func-
tions tsyd, vsyd, andy can be approximated as36

y < 3.793 10−4sbFd1/2/f, s7d

vsyd < 0.95 −y2, s8d

t2syd < 1.1. s9d

Once the surface electric field is obtained from the particle-
in-cell simulation, Eq.(6) is used to determine the field-
emission current density at the cathode. In the computational
implementation, each emitted electron is assigned a minimal
initial energy, and its position is randomly selected over the
cathode surface.

Object-oriented programming has been employed in par-
ticle simulations37 for many years and offers great coding
flexibility and reusability. The present object-oriented code is
written to simulate air ionization between two closely spaced
parallel electrodes. It is assumed that no other external elec-
tron sources exist during the course of simulation, except for
field emission and secondary emission. The “1d3v” PIC-MC
algorithm by Vahedi and Surendra20 was adopted, neglecting
the electric field in the lateral directions. Electrons and gen-
erated ions are tracked until they reach a boundary. The an-
ode electron current is recorded by counting the electrons
arriving at the anode per unit time. Consistency tests indicate
that the numerical results do not depend on the discrete time
stepDt as long as the requirements prescribed in Ref. 20 are
satisfied, i.e., electrons move no more than a single grid
length in one time step, and the total collision probability for

FIG. 1. Cross sections for selected electron-nitrogen molecule reactions
(Refs. 23, 31, and 41).

FIG. 2. Cross sections for selected electron-oxygen molecule reactions
(Refs. 23, 31, and 33). FIG. 3. Schematic diagram of a small gap between two flat-plate electrodes.

9P9 represents a neutral molecule,9s9 represents an ion, and9·9 represents
an electron.
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any particle in one time step is smaller than 0.095. A sche-
matic diagram of the parallel-electrode problem under con-
sideration is shown in Fig. 3.

III. RESULTS AND DISCUSSION

In order to verify the integrity of the present code,
Townsend’s first ionization coefficienta is calculated for dif-
ferent electric-field-to-pressure ratios. The method described
by Nasser38 is used to determinea. A set of simulations
was conducted with equivalent electric fields but different
gap widths, assuming a null value forg. The natural loga-
rithms of anode-cathode current ratio are then plotted against
gap widths. The obtained data can be fit to a straight line
whose slope represents the value ofa. An example result is
plotted in Fig. 4 to illustrate this approach, anda is shown to
be 1.38 cm−1 for an electric field of 133 V cm−1 and a pres-
sure of 0.95 mm Hg. Thea results are compared to the ex-
perimental results10 in Fig. 5. Close agreement between the
simulation and experiments is observed over the entire range
of electric fields. Importantly, these results were obtained
without the use of any adjustable parameters. We also note
that in preliminary simulations including only elastic and
single ionization collisions(reactions 1, 25, 28, and 43), the
predicted ionization coefficients for these conditions dis-
agreed with experimental values twofold to fourfold, sug-
gesting that inclusion of excitation collisions is critical in
describing the physics of breakdown.

Figure 6 shows field emission current densityj as a
function of applied electric fieldF, based on Eq.(6). A work
function sfd of 5.15 eV is assumed for nickel,39 and the field
enhancement factorsbd is 55, which lies in the normal range
for metallic materials.16 The field emission current density
can become comparable to typical discharge current densities
at relatively small applied voltages for very small gaps. Con-
sequently, corrections to Paschen’s curve for small gaps are
required, as discussed later.

With an initial injection of electrons, three different be-
haviors are considered, namely, “blow-up”(case 1), “stable”
(case 2), and “die-off” (case 3), depending on the applied
voltage and gap width. The input parameters for each are
listed in Table III. The anode electron current serves as the
metric to define breakdown. Figure 7 shows the evolution of
anode current with time. The anode electron current can in-
crease rapidly, subside, or remain nearly constant depending
on the applied voltages and gap widths. If the generation of
secondary emitted electrons is large enough to offset the loss
of electrons at boundaries, then the electron population
grows boundlessly and eventually blows up, as in case 1. On
the other hand, ifg is too small or the gap is too small, then
secondary electrons cannot compensate for electron loss at
boundaries, and the electron population dies off as in case 3.
However, for very small gaps, field emission can maintain a
sufficient electron population and anode current. The nearly
constant anode current in case 2, in which field emission
electrons are the major source, suggests that a stable dis-
charge and a steadfast ion source is possible without external
excitation. We also note that blow up does not occur in the
field-emission-dominated regime considered. To adopt a con-
sistent definition of breakdown in both short gaps and long
gaps, breakdown is defined here such that the anode current
exceeds 5 mA, following the definition employed by Dhari-
wal et al.2 The active cathode emission area is estimated
using the method proposed by Zhuet al.40

TABLE III. Input parameters for the three computational cases.

Case Applied voltage(V) Gap smmd Initial number of electrons

1 “Blow-up” 450 15 100
2 “Stable” 160 3 100
3 “Die-off” 250 15 100

FIG. 4. lnsI / I0d as a function of gap width. The slope of the solid straight
line is a. Electric field is 133 V cm−1 and pressure is 0.95 mm Hg.

FIG. 5. Comparison between experimental(Ref. 10) and simulation results
of Townsend’s first ionization coefficienta (divided by pressure) as a func-
tion of electric field to pressure ratiosF /pd.

FIG. 6. Field emission current densitys jd as a function of applied electric
field sFd. Field enhancement factorb=55. Work functionf=5.15 eV.
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Normalized numbers of reaction events, indicating the
relative strength for each reaction, are plotted in Fig. 8 for a
typical case at timet=1.03 ns (applied bias=450 V, gap
=15 mm). The plot shows the normalized number of events,
corresponding to the number of the reactions divided by the
total number of reaction events for nitrogen or oxygen, re-
spectively. Elastic reactions occur most frequently because of
their large cross sections. They account for 75% of all nitro-
gen reaction events and 81% of all oxygen events. Aside
from elastic collisions, two electronic excitations(reactions
24 and 41) and four ionization events(reactions 25, 26, 43,
and 44) occur more frequently than the rest. Among several
ionization reactions, single ionization events dominate.

The average electron energy for each reaction also de-
pends on the collision cross section and is plotted in Fig. 9.
The average energies for single ionization are 47 eV for both
nitrogen and oxygen as they possess similar single ionization
cross sections. High thresholds for double ionization and
atomic ionization result from obvious difficulties to liberate
two electrons or break intermolecular bond in a single colli-
sion. Consequently, the average energies for double molecu-
lar ionization and single atomic ionization are much higher
than those of single ionization. The average energy for ion-
ization collision is approximately 50 eV for both nitrogen
and oxygen. This quantity can be used to estimate the mean

free path for ionization collisions. Assuming that an electron
gains energy linearly from the electric field and that the bias
is 450 V, it will experience, on average, nine collisions
s450/50d during its path length of approximately 15mm.
Then its mean free path for ionization, by definition, is
15/9=1.7mm. This approximation is of the expected order
of magnitude but should be used with care because mean free
path is a strong function of the electron energy distribution,
which varies considerably in different scenarios.

Paschen’s curve reflects the relationship between break-
down voltagesVBd and the product of pressure and gap dis-
tance. It is used extensively to determine the breakdown
limit in electrical design. Paschen’s curve38 is redrawn in
Fig. 10 with an experimental breakdown curve for micros-
cale gaps from Ref. 6 in atmospheric air. Large differences
exist between Paschen’s curve and experimental results to
the left of the minimum breakdown voltage. Slade and
Taylor8 ascribed this deviation to field emission in an intense
electric field.

In order to verify this hypothesis, we conducted a series
of numerical simulations and reproduced the breakdown
voltage curves for microscale gaps. The results are plotted in
Fig. 10, which shows that the simulated data deviate as ex-
pected at the lower range of gap width. This result confirms
that field emission is the likely reason for the correction to
Paschen’s curve. When the gap is larger than 7.5mm, field
emission current becomes negligible and the curve reverts to
the typical large-gap trend. Small discrepancies between
simulated and experimental results for large gaps are likely
caused by two factors. First, the experiments were conducted
with curved electrode configurations, which can be approxi-
mated by a parallel-plate configuration only for small gaps.
Second, the secondary emission process was simplified in the
simulation and the energy dependence ofg was neglected.
Nevertheless, the agreement remains reasonable over the en-
tire range of gap widths.

FIG. 7. Anode current vs time in three different cases(“blow-up”, “stable”,
“die-off” ). Input parameters are listed in Table III.

FIG. 8. Normalized number of reaction events for each reaction. Applied
bias=450 V, gap=15mm. The total simulation time is 1.03 ns.

FIG. 9. Average energy of incident electrons for each reaction. Applied
bias=450 V, gap=15mm. The total simulation time is 1.03 ns.
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IV. CONCLUSIONS

The PIC-MC method has been used to simulate atmo-
spheric air ionization in microscale gaps, in which field
emission can occur. The numerically obtained Townsend’s
first coefficient agrees well with experimental data. The ex-
perimentally observed deviation from Paschen’s curve for
microscale gaps can be explained by the presence of field
emission, and as expected, the field emission effect vanishes
for larger gaps. The method can be easily extended to a va-
riety of gases and gas mixtures. For example, the sensitivity
and selectivity of the ionization gas sensor proposed by Modi
et al.4 can be rigorously predicted using the framework of the
current research. Further work will focus on combining the
ion-generation simulation with detailed field emission mod-
els to provide insights into gas discharges near nanoscale
material surfaces and the effects of trace gases.
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FIG. 10. Simulation-generated Paschen’s curve in atmospheric air compared
with recent experimental results in microscale gap(Ref. 8) as well as Pas-
chen’s curve in atmospheric air(Ref. 38).
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