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The behavior of the breakdown electric field versus frequency (DC to 100 MHz) for different gap

lengths has been studied numerically at atmospheric pressure. Unlike previous reports, the focus

here is on much larger gap lengths in the 1–5 cm range. A numerical analysis, with transport

coefficients obtained from Monte Carlo calculations, is used to ascertain the electric field

thresholds at which the growth and extinction of the electron population over time are balanced.

Our analysis is indicative of a U-shaped frequency dependence, lower breakdown fields with

increasing gap lengths, and trends qualitatively similar to the frequency-dependent field behavior

for microgaps. The low frequency value of �34 kV/cm for a 1 cm gap approaches the reported DC

Paschen limit. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990699]

I. INTRODUCTION

Gas breakdown under radio frequency (RF) conditions is

an important topic, and numerous studies have been reported

in the literature.1–6 On the commercial side, applications of

such breakdown under AC conditions include etching,7,8 thin-

film deposition,9 pollution control involving ozone depletion

substances and volatile organic compounds,10 biomedical

applications,11 pumping of gas lasers,12 etc. The use of atmo-

spheric pressure plasmas greatly expands the scope and utility,

and has prompted developments of numerous novel atmo-

spheric pressure plasma sources including the atmospheric

pressure plasma jet13 and the cold plasma torch.14 However,

the aspect of RF breakdown at atmospheric pressures has not

been well studied, in part, because sources capable of deliver-

ing power at hundreds of kilowatt to megawatt levels under at

least long-pulse conditions are required, and these are not well

developed. Gyrotrons are one of the few sources capable of

delivering such power levels, though recent developments in

relativistic magnetrons have also led to significant increases in

the power output and efficiencies.15–17 Ongoing progress

towards high output power will make gas breakdown issues

quite important in future RF and millimeter wave systems.

This topic could also be germane to atmospheric propagation

and the prospect for large area plasma generation.

Air breakdown under high frequency conditions has been

studied for over a century, and theoretical models are well

described in a number of texts.18–20 However, the experimental

data and analysis available in the literature have generally

focused on the Pachen-like behavior relating the breakdown

field (Ebr) to the gas pressure (p).21–24 Very few reports have

probed the Ebr behavior in response to AC fields as a function

of electrode separation in large gaps. The scant literature con-

cerning breakdown in this regime has typically focused on

much smaller gaps.25,26 Here, we specifically probe the behav-

ior of Ebr versus frequency in atmospheric air for gap lengths in

the 1–5 cm regime. Our interest is in large gaps, and eventually

larger volume plasmas driven by a need to test concepts and

obtain benchmarks for use towards ionospheric plasma genera-

tion by RF sources.

II. MODEL DETAILS

Unlike dc discharges for which the flow of ions to the

cathode may play a role at small overvoltages, the break-

down behavior at higher frequencies is controlled mainly by

electron transport. Treatment of RF breakdown had been

considered by Kihara27 based on the Boltzmann theory that

included bulk ionization, periodic electron drift, and diffu-

sion. In the RF regime, the positional oscillation amplitude

of the electrons due to the applied fields is small relative to

the discharge dimensions, making large energy gains or

highly nonlinear transport quite unlikely. Consequently in

this scenario of RF frequencies, applying a drift-diffusion

model [rather than a full Monte Carlo (MC) technique,

which is more time-consuming] for probing the electron

transport behavior would be valid. The full MC technique

can be appropriate for high frequencies or small gaps since

the overall simulation time (a few cycles for high frequen-

cies, or short transit times for narrow gaps) would not be

computationally prohibitive. However, the MC method

becomes numerically intractable for low frequency excita-

tions or for larger gaps. Here, under atmospheric conditions

(that guarantee large scattering and local quasi-equilibrium),

the drift-diffusion approach was chosen, and MC calcula-

tions were used to accurately obtain the transport parameters.

Also, movement of ions is severely limited due to their large

mass as compared to electrons. Hence, ions were treated as

being virtually immobile. Furthermore, for calculations of

the breakdown threshold where one is at the verge of a self-

sustained plasma, the electron and ion densities can be

assumed to be relatively modest. Under this scenario, the gas

remains weakly ionized (i.e., ne� nn, where ne and nn are

the free electron and neutral densities, respectively), and so

electron–electron, ion–ion, and electron–ion scattering can

all be neglected. Also, unlike microgaps where fielda)Author to whom correspondence should be addressed: ravi.joshi@ttu.edu
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emission due to cathode electron tunneling can modify the

characteristic behavior,28 this and other nanoscale or quan-

tum aspects were ignored here. Deviations from the Paschen

behavior in microgaps were first reported in Torres and

Dhariwal’s seminal work29 and later shown to arise from

electron field emission.30 Studies also demonstrated the pres-

ence of positive ions near the cathode to make additive con-

tributions to such emission and associated reductions in

breakdown voltage. In the present scenario such high fields

do not arise due to longer gaps, nor would ions be very likely

to be driven close to the electrodes under the oscillating field

conditions.

To determine gas breakdown from the standpoint of a

simple model, it is useful to examine the variation of electron

concentrations over time. Net growth in electron density

over time signals a scenario wherein one is past the break-

down point. Similarly, at the breakdown threshold, the

increase the net density would be balanced by electron losses

at the surfaces and through attachment. Thus, a possible

approach to determining the atmospheric pressure threshold

field for a given length between electrode plates is to carry

out drift-diffusion analyses to obtain the electron density

evolution n(x,t). A near steady, time-independent value of

the total population in the presence of the RF excitation of

amplitude E0 signals the breakdown condition.

Simplifications inherent in the present scheme are as fol-

lows: (a) absence of secondary electron emission that might

occur at the electrodes. Under the conditions of interest

involving the oscillating fields and high pressure (with its

high scattering rate), it is reasonable to assume that electrons

are unlikely to impinge on the electrodes with the high

energy required for secondary emission. Thus, only bulk ion-

ization within the gas was considered. Similarly, electron

emission due to impact of ions at the electrodes was ignored,

given the improbable chance that more massive ions would

possess sufficiently high impact energies. (b) High-energy

ion-neutral collisions can also be ignored under these RF

excitation conditions. Besides, ion densities are anyway low

around the breakdown threshold. (c) This treatment assumes

a continuum, implying that the electronic mean-free paths

are much smaller than the electrode spacing L. For the atmo-

spheric (high pressure) conditions of interest here, this

requirement is easily satisfied. (d) Finally, the electron pro-

duction due to photo-ionization, while important for streamer

discharges at high over voltages,31 has been discounted.

The transport parameters for the drift-diffusion equation

were calculated from the Monte Carlo method. The latter

ensured that nonlinear dependencies on the driving electric

field, phase shifts, and dynamic changes in the electron dis-

tribution function which control the transport parameters

were adequately included. Field-dependent ionization rates

were used to augment electron densities as a function of time

and position. Losses at the boundaries were included through

outflows based on the continuity equation. For a one-

dimensional geometry involving parallel electrodes sepa-

rated by a distance L, the rate equation for electron density

n(x,t) takes the form

@n=@t ¼ Gþ RiðEÞ � RlossðEÞ½ � n� @ðFnÞ=@x (1a)

with
Fn ¼ n vndrðEÞ � Dn@n=@x ; (1b)

where Dn¼ electron diffusion coefficient, G¼ background gen-

eration due to cosmic radiation, photons, etc., Ri¼ ionization

rate which equals the product of the ionization coefficient (a)
and the electron drift velocity, Rloss¼ loss rate, E¼ the

applied RF field with peak amplitude E0, while x is the RF

angular frequency and Fn represents the electron flux in

response to the applied electric field. In our numerical

approach, the losses were simply computed numerically

from the outflow of charge at the boundaries due to drift and

diffusion. A one-dimensional Poisson solver was included to

account for space-charge effects. Several parameters that

influence electron density and its dynamics, such as Ri(E),
Rloss(E), and the drift velocity vndr(E), all depend implicitly

on the local electric field. Strictly, even the diffusion coeffi-

cient Dn, which is related to either the velocity autocorrela-

tion function or the mean-square displacement via the

Green-Kubo relation,32,33 can be a function of the electric

field.

Here, the Monte Carlo approach, as reported and dis-

cussed in detail by our group elsewhere,34,35 was used for

computations of the transport parameters. The standard scat-

tering mechanisms for both elastic and inelastic collisions

between electrons and both nitrogen and oxygen were imple-

mented.36,37 The cross-sections were taken from Phelps and

Pitchford38 and Itikawa et al.39,40 While the field dependent

drift velocities were directly obtained from the MC, the first

Townsend coefficient a was calculated from the ratio of the

ionization rate and the electron drift velocity (vndr), averaged

over the entire ensemble of particles at each time step.

Finally, the field-dependent diffusion coefficient D(E) is given

in terms of the velocity autocorrelation function w(E,t) as32,33

DðEÞ ¼ ð1=3Þ
ð1

0

dt wðE; tÞ (2a)

with

wðE; tÞ ¼ hvðE; tÞ : vðE; 0Þi: (2b)

The w(E,t) involves a dot product over the electronic veloci-

ties for the ith particle at time “t” with its corresponding

value at an earlier time. The frequency dependence for the

diffusion follows from its relation to the noise power spectral

density associated with the fluctuations and is given as:41

D(x,E)¼ S(x)/4¼ (1/3)
Ð1

0
dt w(E,t) cos(xt).

III. RESULTS AND DISCUSSION

Monte Carlo results obtained for the electron drift velocity

are shown in Fig. 1 as a function of the electric field. Although

simulations for air were carried out, Fig. 1 shows the values

for a nitrogen ambient simply to facilitate easy comparisons

and validation. Also shown are the experimental data points,

with values taken from Hasegawa et al.42 Wedding and co-

workers,43 Roznerski,44 Fletcher and Reid,45 and Blevin and

Kelly46 for nitrogen. The Monte Carlo results seem to be in

very good agreement with the data. The maximum deviation
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was at the highest electric field and the result predicted by the

simulation was within 5% of the experimental data. The diffu-

sion coefficient was obtained from calculations of the velocity

autocorrelation function at different electric fields. A represen-

tative plot of w(t) at a E/N value of 90 Td is shown in Fig.

2(a). As might be expected, the value starts from unity and

decays towards zero, with small oscillations at longer times.

The diffusion coefficient obtained from a numerical integra-

tion of Fig. 2(a) yielded a value of 0.0755 m2/s. Field-

dependent values for the diffusion coefficient D obtained from

such velocity autocorrelation results are shown in Fig. 2(b).

The magnitudes and trend are in close agreement with a report

by Hagelaar and Pitchford.47

Field-dependent values of the first Townsend coefficient

(a) obtained from our Monte Carlo simulations, with direct

comparisons to experimental data, are shown in Fig. 3. The

results show close agreement with the reports by Legler,48 and

Pitchford and Phelps.49 A maximum deviation of 0.25 �
10�16 cm2 for a/N was obtained for a reduced field (E/N) of

3000 Td and represented about a 6.5% deviation from the

Pitchford data. For convenient use of the transport parameters

in the drift-diffusion approach, analytic expressions were

obtained from suitable curve-fitting of the MC results. For

example, the expression (in CGS units) of a(E)¼ 1.4764 �
10�4 exp(�3.5 � 103/E) resulted for the ionization coefficient

a(E) in terms of the electric field E. It is important to note, as

was discussed by Stephens et al.31 and elsewhere, that the

electron temperature follows temporal changes in the electric

field within a few tens of picoseconds, primarily due to the

high collision frequencies at atmospheric pressures. Since the

RF frequencies of interest are in the 100 MHz range and

below, it is reasonable to consider quasistatic electric field

conditions for the electron temperature and the electron

energy distribution function (EEDF). In other words, the

transport parameters calculated with a static electric field track

the RF field amplitude in the drift-diffusion simulation.

The results obtained from simulations are shown in Fig.

4. The time- and spatial-evolution of the electron densities in

FIG. 1. Results of the electron drift velocity as a function of electric field in

nitrogen at atmospheric pressure. The reported experimental data are also

shown for comparison.

FIG. 2. (a) Simulated results for the velocity autocorrelation function at E/

N¼ 9 0 Td. (b) Calculated diffusion coefficient versus electric field in nitro-

gen at atmospheric pressure for 300 K.

FIG. 3. Predicted field dependence of the electron impact ionization coeffi-

cient (a) as obtained from Monte Carlo simulations. Numerous experimental

data points are shown for comparison.
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a 1 cm air gap were simulated at an applied frequency of

100 MHz and E0¼ 28 kV/cm [i.e., electric field E(t)¼E0

sin(xt)]. Figure 4(a) shows the snapshots of the electron den-

sity profile n(x,t) at three different times of 0.1 ns, 25ns, and

50 ns. The electron swarm was taken to have an initial rect-

angular distribution over the left-third of the air gap between

the parallel plates. Upon application of a negative field, a

gradual movement to the right can be seen. Figure 4(b)

shows the snapshots of the electron profile n(x,t) at longer

times of 75 and 100 ns, with the electric field now reversed.

The losses at the electrodes are obvious, as the rectangular

shape gets shortened and also changes over to a smoother

profile due to diffusive contributions.

The time evolution of the entire electron swarm at dif-

ferent applied electric field magnitudes is shown in Fig. 5 for

a gap length of 1 cm and an operating frequency of 10 MHz.

The initial electron density distribution was taken to be uni-

form. While Fig. 5(a) shows the entire temporal span, the

initial portion of the total electron density evolution is shown

in Fig. 5(b) for clarity. At the lowest 20 kV/cm electric field

value, the electron population is seen to show a slow but

monotonic decrease over time. This clearly signals a non-

self-sustaining situation. The minor oscillations are simply

indicative of the interplay between periods of growth fueled

by volume ionization when the swarm position is situated in

regions removed from the end plates, and times when popu-

lation reductions occur due to boundary absorption. At the

field amplitude of 28.4 kV/cm, a prominent growth is pre-

dicted. In fact, due to a near exponential increase, only a

small fraction of the entire time span is shown for the

28.4 kV/cm case. Finally, the E0¼ 28 kV/cm curve attains a

near steady state where growth is balanced by losses, and a

steady-state is evident. This field amplitude thus represents

the breakdown threshold for the 10 MHz signal.

The results for the breakdown characteristic versus fre-

quency are shown in Fig. 6. Two plots corresponding to

FIG. 4. Simulations for the time- and spatial-evolution of the electron den-

sity in the parallel plate air gap for a 1 cm gap length, an applied frequency

of 10 MHz, and E0¼ 28 kV/cm. (a) Initial snapshots at three different times

of 0.1 ns, 25ns, and 50 ns, showing the electron swarm moving to the right

starting from an initial rectangular distribution. (b) Snapshots of the electron

profile n(x,t) at 75 and 100 ns with the electric field now reversed.

FIG. 5. (a) Drift-diffusion simulation results for the time evolutionary

behavior of the electron population within the parallel plates at three differ-

ent applied field amplitudes E0 of 20 kV/cm, 28 kV/cm, and 28.4 kV/cm. A

gap length of 1 cm and an operating frequency of 10 MHz were used for the

calculations. (b) Expanded version of Fig. 5(a) covering a shorter, initial

time.
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electrode separation distances L of 1 cm and 3 cm were

obtained. Roughly, a U-shaped curve results and is in line

with qualitative expectations. The minimum corresponds to

the situation where electrons continue to oscillate rapidly,

while ions are almost frozen in space. However, unlike the

case of micro-gaps, the physics here does not totally change

over from a diffusion-controlled process to boundary-

dominated behavior. Also, at very low frequencies, our val-

ues for the 1 cm gap length agree fairly well with the DC

Paschen breakdown value25 as indicated by the dashed line

in Fig. 6, and the boundary effects play a role. Also, Ebr has

a very weak dependence on the frequency in this domain, a

behavior similar to the trends seen in microgaps for the

boundary-dominated regime. At high frequencies, on the

other hand, the electrons no longer gain sufficient energy

from the field, and so contribute increasingly less to ionizing

collisions. Hence, ever larger electric fields are needed to

reach the breakdown threshold. Overall, about a 20% reduc-

tion in breakdown electric field over the DC case is observed

for either gap around the 1 to 2 MHz frequency regime. The

current prediction is qualitatively in agreement with a previ-

ous report of radiofrequency breakdown by Walsh et al.50 in

the 2–100 MHz range. Their experimental data showed the

breakdown voltage to reduce initially with increasing fre-

quency due to diminishing contribution of drift-dominated

electron wall losses, followed by an increase at higher fre-

quencies. A similar qualitative trend was reported by Uchida

et al.51 for frequencies ranging from few tens of megahertz

to 100 MHz. Finally, the breakdown voltages for the larger

3 cm gap are predicted to be lower than for the 1 cm case for

all frequencies. Physically, this arises due to a decrease in

the loss terms since electrons are less likely to reach either

boundary within a given frequency cycle for a longer gap.

However, the current technique may not work well for simu-

lations of plasma dynamics well beyond threshold conditions

as many of the assumptions outlined earlier may no longer

hold true. As a final comment, besides electron emis-

sion,28,30,52 field-dependent secondary emission may be

another process that might alter the breakdown characteristic

somewhat, impart a field and frequency dependence, and

may need to be considered for completeness. Secondary

electron emission can be facilitated either by incoming ions

(cse), incident electrons, or by a photon-generated event.31

The latter process might play an increasingly important role

at high frequencies, since the ions (and ultimately the elec-

trons) might not be able to move much. The photon process,

on the other hand, involves electronic excitation of neutral

atoms, followed by the decay of meta-stable excited neutrals

leading to photon emission. Photoemission can then result

from some fraction of such photons striking the electrodes.

The relative significance of such contributions can be

expected to depend on the applied field and frequency, and

would conceivably lower the breakdown threshold some-

what. Such frequency dependent changes in the driving

mechanisms were recently discussed in a slightly different

context of high frequency discharges by Lee et al.,52,53

though the photon mechanism was not included. These

aspects will be analyzed and discussed elsewhere.

IV. CONCLUSIONS

In conclusion, we have probed the breakdown depen-

dence in air at atmospheric pressures subject to AC excita-

tion. The frequency changes over orders of magnitude were

analyzed. Most previous studies of RF breakdown have

focused on the field dependence on pressure. From our simu-

lations, a U-shaped frequency dependent breakdown field

characteristic was obtained; with the low frequency value of

�34 kV/cm for a 1 cm gap approaching the reported DC

Paschen limit. The results can also serve as a useful guide to

determine the safe operating voltage limits at various fre-

quencies in atmospheric air. The voltage ranges at the higher

frequencies, however, may be practically difficult to attain

based on current technology.
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