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This paper describes simulations of nanosecond pulse plasma formation between planer electrodes

covered by dielectric barriers in air at atmospheric pressure and 340 K. The plasma formation process

starts as electrons detach from negative ions of molecular oxygen that are produced from the

previous discharge pulse. An ionization front is found to form close to the positively biased electrode

and then strengthens and propagates towards the grounded electrode with increasing gap voltage.

Charge accumulation and secondary emission from the grounded electrode eventually lead to sheath

collapse. One interesting feature is a predicted reversal in gap potential due to the accumulated

charge, even when there is no reversal in applied potential. The simulation results are compared to

recent measurement of mid-gap electric field under the same discharge conditions [Ito et al., Phys.

Rev. Lett. 107, 065002 (2011)]. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4795269]

I. INTRODUCTION

Repetitively pulsed nanosecond discharges produce

non-equilibrium plasmas of relatively high peak and average

electron number densities with lower overall power budgets

when compared to direct-current thermal plasmas.1 The

higher electron (and ion) densities and ensuing chemical

reactivity make these discharges of interest to applications

such as plasma-assisted combustion2,3 and plasma-driven

flow actuation.4,5 The formulation of kinetic mechanisms in

these discharges has been based almost exclusively on a

combination of optical emission spectroscopy and kinetics

simulations.6–8 A few simulation studies9–11 have been con-

ducted for this type of discharge, coupling the discharge

kinetics to discharge dynamics which describe the time-

evolution of the electric field, and electron and ion drifts,

particularly in plane-to-plane configurations in which dielec-

tric barriers are imposed between the electrodes and the bulk

plasma. However, these simulations are either in relatively

low pressures of tens of Torr or at relatively high tempera-

tures of a few thousand Kelvin. In this paper, simulations

have been carried out at the condition of high pressure

(atmospheric pressure) and cold temperature (340 K) where

average and peak discharge electron densities are several

orders of magnitude higher even in glow mode than those

from the referred studies above and therefore the plasma is

more susceptible to a glow-to-arc transition. These so-called

dielectric barrier discharge (DBD) configurations are rele-

vant in applications of these nanosecond pulsed discharges

to plasma-assisted aerodynamics.4,5,12,13

Although spatially and temporally resolved emission has

been measured in nanosecond pulsed discharges of varying

electrode configurations and operating conditions,6,7,14 the

measurement of other discharge properties such as plasma

density or electric field is scarce. Recently, Ito et al.14

reported on spatially and time-resolved measurements of the

electric field within the gap of a nanosecond-pulsed plane-to-

plane DBD in 300 K atmospheric pressure air and with a

1.15 mm electrode spacing. They found that space-charge de-

velopment within the gap forms within a few nanoseconds

suggesting that strong ionization is preceded by a significant

charge accumulation on the dielectric barriers associated with

the drifting charges present prior to the application of the

voltage pulse. It seems therefore that the relatively high pulse

repletion rate (10 kHz) does not allow for the plasma to fully

recombine, resulting in a discharge dynamic that is strongly

affected by the presence of charges from the previous pulse.

In this paper, we report on the development of a

one-dimensional simulation of nanosecond-pulsed planar

dielectric barrier discharges to investigate the structure and

dynamics of discharges similar to those studied experimen-

tally in Ref. 14. The simulations presented here are carried

out for conditions similar to those presented in Ref. 14, with

planar electrodes covered by 0.15 mm thick glass plates

(dielectric constant of 4.6) and separated by 1.15 mm (gap of

0.85 mm), as schematically illustrated in Fig. 1. The simu-

lated discharge is in atmospheric pressure air at a tempera-

ture of 340 K, consistent with the reported gas temperature

measured in the experiment.14 At this time, we simulate a

single pulse only and account for the repetitive nature of the

discharge through initial conditions on the gas temperature

(340 K) and charged species density carried over from the

previous discharge pulse.

II. SIMULATION DETAILS

The simulations are carried out with the upper electrode

in Fig. 1 at ground potential and with the voltage pulse

applied to the bottom electrode (referred to here as the “driven

electrode”). The temporal shape of the voltage applied in the

simulations and that measured at the driven electrode by Ito

et al.14 are shown in the inset of Fig. 1. The voltage is bipolar,

with the pulse shapes resembling slightly skewed-Gaussian

distributions in time (FWHM of 15 ns), peaking first at a posi-

tive value of about 4.5 kV followed by the negatively biased

pulse peaking at 2.5 kV about 30 ns later. As a result, the
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driven electrode first serves as an anode, but actually complet-

ing the discharge as a cathode. As shown below, this complex

pulse shape has significant consequence on the discharge

dynamics.

The simulations are performed on a uniform grid with a

grid cell size of 3.4 lm. The electron/ions number density,

electron energy, and electric potential (voltage) are com-

puted at the cell center, whereas the electric field is com-

puted at the cell boundaries. The system of equations

includes the continuity equations for the densities of the elec-

trons, positive ions (N2
þ and O2

þ), negative ions (O2
�), and

the excited electronic species (N2 C)

@ne

@t
þ @Ce

@x
¼
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@n�
@t
þ @C�

@x
¼ ½kexcitnenN2

� kquenn�ntotal � �quenn��; (5)

together with the electron energy equation and the equations

for the surface charge densities, r, at the dielectric surfaces

(separated by the spacing, L)

@
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3

2
nekTe

� �
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@x
¼ �eCeE�

X
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¼ e
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2
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2
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� CO�
2
ðLÞ
�
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These equations are solved simultaneously with an implicit

numerical scheme. The drift-diffusion approximation is

assumed for the electrons and ions

Ce ¼ �De
@ne

@x
� leneE; (9)

CNþ
2
¼ �DNþ

2

@nNþ
2

@x
þ lNþ

2
nNþ

2
E; (10)

FIG. 1. Simulation schematic (left

frame) and plot of applied voltage varia-

tion in time to the driven electrode (right

frame). Also shown in the plot is the

voltage measured on the driven elec-

trode by Ito et al.14
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@n�
@x

: (13)

In the above equations, nj is the number density of species j,

Cj is the corresponding flux, E is the electric field, Dj is the

diffusion coefficient, and lj is the species mobility. The dif-

fusion coefficient is related to the mobility through the

Einstein relation

Dj ¼
ljkTj

e
: (14)

For ions, the temperature is assumed to be equal to that of

the neutral species temperature. The electron heat flux and

thermal conductivity are formulated as

qe ¼ �Ke
@Te

@x
þ 5

2
kTeCe; (15)

Ke ¼
3

2
kDene: (16)

Here, k is the Boltzmann constant and Te is the electron tem-

perature. In the energy equation, Rj is rate of j-th electron

inelastic collisions (here, we consider only N2 and O2 as col-

lision partners for these inelastic collisions), and Hj is the

associated energy loss per electron. The reader can find the

complete list of inelastic electron scattering data for colli-

sions with N2 and O2 from Refs. 15 and 16. This last term in

the energy equation therefore accounts for the electron

energy loss by all inelastic collisions, which result in rota-

tional, vibrational, electronic excitations, as well as the ion-

izations of N2 and O2.

The mobility of positive and negative ions is taken from

Ref. 17

li ¼ 2100=p½Torr�; cm2=ðV � sÞ E=p < 49:3 V=ðcm � TorrÞ;

li ¼ ð14750=p½Torr�Þ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E=p½Torr�

q
; cm2=ðV � sÞ

E=p > 49:3 V=ðcm � TorrÞ:

The kinetic mechanism and corresponding reaction rate coef-

ficients, ks used in the above equations are summarized in

Table I. In this table, k ioniz,N2 and k ioniz,O2 are the electron-

impact ionization rate coefficients of N2 and O2, respec-

tively. The electron detachment, binary, and three-body

electron attachment rate coefficients are kdetach, kattach, and

kattach,3, respectively. The rate coefficients for recombination

between either the electrons and ions, or positive and nega-

tive ions are krecomb and krecomb,ions. The ion conversion rate

coefficient resulting from collisions between N2
þ and O2 is

kconv,ions, the electron-impact excitation rate coefficient of

the N2 (C) state is kexcit, and kquen and �quen are the colli-

sional and radiation quenching rate coefficients of N2 (C).

Calculations of De, le, and the reaction rate coefficients

involving electrons are facilitated using the commercially

available BOLSIG
þ software package.18 In carrying out the

simulations, De and le are pre-tabulated as a function of

reduced electric field (Td) and the rate coefficients are pre-

tabulated as a function of mean electron energy (eV).

A total current density, Jtotal, is computed by adding a

displacement current density, Jdisplacement, to a net charge

conduction current density, Jconduction

Jconduction ¼ eðCNþ
2
þ COþ

2
� Ce � CO�

2
Þ;

Jdisplacement ¼ e0

@E

@t
;

Jtotal ¼ Jconduction þ Jdisplacement:

(17)

The electric field at the cell boundaries is updated after

each time step by solving Poisson’s equation with boundary

conditions imposed by surface charges on the dielectric

barriers

@

@x
ðe0EÞ ¼ eðnNþ

2
þ nOþ

2
� ne � nO�

2
Þ

þ rdielec; ground electrodedðxÞ
þ rdielec; driven electrodedðx� LÞ; (18)

�ðere0ÞEdielec; ground electrode þ e0Egas; ground electrode

¼ rground electrode

�e0Egas; driven electrode þ ðere0ÞEdielec; driven electrode

¼ rdriven electrode; (19)

�Edielec; ground electroded

�
ðL
0

Edx� Edielec; driven electroded ¼ VappðtÞ: (20)

Here, d is the Dirac-delta function and e0 and er represent the

permittivity of vacuum and the relative permittivity of the

glass, respectively. In Eqs. (19) and (20), Edielec, ground electrode

and Edielec, driven electrode are the electric fields inside the

grounded electrode- and driven electrode-side dielectric bar-

riers, whereas Egas, ground electrode and Egas, driven electrode are the

electric fields at the dielectric barrier surfaces of grounded

electrode and driven electrode, respectively. The dielectric

barrier thickness is d and the applied voltage is Vapp. Finally,

secondary electron emission induced by positive ion bom-

bardment at the dielectric barrier surface provides a boundary

condition on the electron flux

Ce ¼ �cCþ: (21)

In the simulations, the secondary electron emission coef-

ficient, c, is set to be 0.01, and the secondary electrons are

assumed to have the energy of 1 eV. The results were found

to be somewhat insensitive to the assumed emitted electron
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temperature since within the adjacent sheath region the elec-

trons are expected to gain an amount of energy that greatly

exceeds the assumed initial value. However, the results are

sensitive to the assumed secondary electron emission

coefficient.

For initial conditions, we assume uniform negative and

positive ion densities across the domain. The initial densities

are estimated to be 1016 m�3 based on a peak value for the

plasma density of 1019 m�3 and a three-body ion-ion recom-

bination rate coefficient of about 10�12 m3/s at 1 atm and

300 K.19 Since electrons preferentially attach to molecular

oxygen when the electric field is weak and the ion conver-

sion time between N2
þ and O2 is shorter than the pulse repe-

tition time, we assume that the fate of all remaining electrons

is to form O2
� and all positive ions is O2

þ. The simulations

were carried out to the next pulse to verify the self consis-

tency of these initial conditions.

The equations are discretized according to the

Scharfetter-Gummel scheme,20 which affords improved nu-

merical stability when solving drift-diffusion problems. The

system of equations (less Poisson’s equation) is solved itera-

tively with an adaptive time step using the SUNDIAL pack-

age.21 Poisson’s equation is solved by the method of

lower-upper (LU) triangular matrix decomposition using the

linear algebra package (LAPACK).22

III. RESULTS

The spatial-temporal distributions of electric potential

(voltage), electric field, and electron density are shown in the

color maps of Figs. 2(a), 3, and 4, respectively. The electric

potentials at the driven electrode, grounded electrode (flat-

line, zero potential), and both dielectric surfaces are shown in

Fig. 2(b). Since the electrons have a generally higher drift ve-

locity than the ions, once generated, their dynamics tend to

dominate in determining the discharge structure and charac-

teristics, particularly over time scales comparable to the dis-

charge pulse width. As the voltage applied to the driven

electrode increases up to about 2.2 kV (corresponding to a

nominal electric field, defined as the applied voltage divided

TABLE I. Reactions and the rate coefficients.

Reactions Rate coefficient References

N2 þ e! N2
þ þ 2e kioniz,N2(r) m3/s 15

O2 þ e! O2
þ þ 2e kioniz,O2(r) m3/s 16

O2
� þM! O2 þM þ e,

M¼N2, O2

kdetach¼ 2� 10�16 exp(�0.52/Tef2)[1 � exp(�4h)]/[1 � exp(�h)] m3/s h¼ 0.13(T�1 � Tef2
�1),

Tef2¼T þ 5.2� 10�6(E/n)2 where T and Tef2 are in eV, and E/n is in Td.

24a

e þ O2 þM! O2
� þM,

M¼N2, O2

kattach,3¼ 1.07� 10�43(300/Te)
2 exp(�70/T) exp(1500� (Te � T)/Te/T) m6/s

if M¼N2 kattach,3¼ 1.4� 10�41(300/Te) exp(�600/T) exp(700� (Te � T)/Te/T) m6/s if M¼O2 25

e þMþ !M, M¼N2, O2 krecomb¼ 2.0� 10�13(300/Te)
0.5 m3/s 25

Mþ þ O2
� !M þ O2,

M¼N2, O2

krecomb,ions¼ 2.0� 10�13(300/T)0.5[1 þ 10�24ntotal(300/T)2] m3/s 25

N2
þ þ O2! N2 þ O2

þ kion,conv¼ 6.0� 10�17(300/T)0.5 m3/s 26

e þ N2 (X)! e þ N2 (C) kexcit(r) m3/s 15

N2 (C) þM! N2 (X) þM kquen¼ 10�17 m3/s if M¼N2 kquen¼ 3� 10�16 m3/s if M¼O2 26

N2 (C)! N2 (X) �quen¼ 3� 107 s�1 26

aThe detachment rate coefficient of M¼N2 is estimated from that of M¼O2.

FIG. 2. (a) Spatial-temporal distribution of electric potential (voltage), and

(b) temporal electric potentials at both ground and driven electrodes and

also the dielectric barrier surfaces.
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by the gap spacing, E¼ 2.6� 106 V/m, or a reduced nominal

field of E/n¼ 120 Td), negative and positive ions begin to

drift towards the driven and grounded electrodes, respectively;

however, the electric field does not depart significantly from

the nominal field, little or no charge develops on the dielectric

barriers, and the potential at the barrier surfaces is close to

nominal values (see Fig. 2(b) up to 19.5 ns) because the initial

densities are low, electrons are still bound to molecular oxy-

gen, and ions do not move very far during this time. As the

potential increases further, at approximately 22 ns, electrons

are detached from O2
� ions and ionization begins across the

domain. The electrons produced by this ionization drift and

diffuse towards the positively biased driven electrode and pos-

itive ions are left behind; however, these ions are not suffi-

cient to shield the applied potential. Gaining energy from the

field, these electrons result in further ionization, producing

positive ions which accumulate some distance from the

grounded electrode. Once the ion density reaches a critical

level (known as the Meek’s criterion23), a rapid strengthening

of this ionization front occurs (from 25.5 ns to 26.5 ns) as it

propagates towards the grounded electrode. As the sheath

thins such that the produced ions can reach the cathode sur-

face, it strengthens further and is reduced further in thickness

through a feedback mechanism as the ionization front pro-

vides more positive ions which in turn produce more second-

ary electrons which are accelerated through the sheath to

sustain the ionization process. This increase in sheath strength

and ionization is limited mostly by the temporally short

voltage pulse as well as the accumulation of electrons and

ions on the dielectric barrier surfaces. As the applied

potential decreases, the sheath strength and ionization process

also diminishes. Interestingly, when the applied potential

decreases below approximately 1.55 kV, the potential across

the discharge gap reverses (see Fig. 2(b) at 33 ns) due to the

accumulated charge on the dielectric barrier surfaces. The

dielectric barrier surface over the grounded electrode

becomes more positively charged as the sheath adjacent to it

collapses due to the ion-induced secondary electron emission.

As the applied potential eventually reverses, the positively

charged dielectric surface on the grounded electrode is rap-

idly neutralized by the high electron density in its vicinity

(see Fig. 2(b) from 37 ns to 41.5 ns) and eventually charges

negatively. The opposing dielectric barrier surface neutralizes

by the immediate expelling of the accumulated electrons

and/or negative ions on its surface. The driven electrode

(which served as an anode for the initial positive voltage

pulse) now becomes a cathode, and a sheath now begins to

form adjacent to its dielectric surface (see Figs. 3 and 4 from

49 ns to 56 ns); however, the strength of the sheath and ioni-

zation during this reverse pulse is weaker because of the sig-

nificantly weaker potential difference across the gap as a

result of the faster charge accumulation at the dielectric

surfaces associated with the generated electrons from the ini-

tial pulse.

The spatial-temporal distributions of N2
þ, O2

þ, and O2
�

number densities are shown in Figs. 5–7, respectively. A

strong production of both N2
þ and O2

þ occurs concomitantly

with the production of electrons, i.e., close to the grounded

electrode when the applied potential is positive, and a

weaker production close to the driven electrode when the

FIG. 3. Spatial-temporal distribution of the electric field.

FIG. 4. Spatial-temporal distribution of the electron number density.

FIG. 5. Spatial-temporal distribution of N2
þ.
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applied potential reverses. The N2
þ density seems to decay

much faster than that of O2
þ, as a result of the fast ion con-

version between N2
þ and O2. A strong production of O2

�

also occurs in the strong ionization regions (close to the bar-

rier surfaces) but later in time relative to the production of

electrons and positive ions, as expected since O2
� occurs pri-

marily as a result of electron attachment. The electron attach-

ment to O2 is faster than the detachment process when the

reduced electric field is less than approximately 120 Td

based on the rate coefficients taken from the literature.24,25

The spatial-temporal distribution of electron tempera-

ture is shown in Fig. 8. It is very similar to the electric field

map because the electrons gain energy by Joule heating

while they lose energy primarily through inelastic collisions

resulting in excitations in energy states. Near the electrodes,

the electron temperature exceeds 10 eV, but remains below

about 4 eV in the bulk of the discharge.

The spatial-temporal distribution of the electronically

excited N2 (C) state is shown in Fig. 9. Its map is presented

for comparison to the experimental results of Ref. 14, because

the significant portion of the visible radiation from the

discharge in air is associated with the N2 C-B electronic

transition6–8 and is directly proportional to the N2 (C) state

density. In determining the N2 (C) state density, we consider

electron-impact excitation as well as collisional and radiation

quenching processes, but do not include any pooling reactions

by collisions between excited electronic state species. Since

the excitation energy of this state is above 11.03 eV, relatively

close to the ionization energy, the N2 (C) state density map is

qualitatively similar to the electron density map (Fig. 4). We

see that the expected N2 C-B emission will appear around the

times when the positive and negative voltage pulses reach

their peak values (around 26.5 ns and 50 ns). The emission

first appears and is relatively strong in the sheath edge adja-

cent to the grounded electrode (initially a cathode), and then

near the driven electrode region (which eventually becomes a

cathode). The simulated emission map is in general qualitative

agreement with that measured in Ref. 14 with quantitative

registration in the onset of emission. We attribute the lack of

broader quantitative agreement to uncertainties in kinetic rate

constants, transport coefficients, as well as in the assumed sec-

ondary emission processes.

FIG. 6. Spatial-temporal distribution of O2
þ.

FIG. 7. Spatial-temporal distribution of O2
�.

FIG. 8. Spatial-temporal distribution of electron temperature.

FIG. 9. Spatial-temporal distribution of N2 (C).
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We compare our simulations of electric field and total

discharge current density to the experimental results of Ref.

14 in Fig. 10. The experiments record the time-variation in

the electric field at the center of the discharge using electric-

field induced coherent Raman scattering (E-CRS) and the

total current density. The experimental results reveal that the

measured mid-gap electric field reaches half of its peak nom-

inal electric field and then falls slightly before the nominal

field decays. The experimental total current density is found

to peak when the applied potential is at its most positive and

negative values, reaching a level of about 8� 104 A/m2. The

corresponding results of the simulations for the mid-gap

electric field and current densities and the comparisons to the

results of Ref. 14 are shown in Figs. 10(a) and 10(b), respec-

tively. The simulated mid-gap electric field is found to be

slightly greater (about 2.5 times) than that measured. Despite

this difference, it is noteworthy that the simulations capture

the same general temporal features in the mid-gap electric

field, including the decay of the mid-gap electric field earlier

in time than the nominal field. This earlier decay of the elec-

tric field is due to the charge accumulation on the dielectric

barrier surfaces associated with the rapid ionization within

the sheath of the grounded electrode just prior to its collapse

(see the dielectric barrier surface potentials in Fig. 2(b)). The

larger predicted electric field might be attributed to the finite

experimental resolution associated with the laser beam cross

section (not reported in Ref. 14) and also, perhaps, the finite

temporal resolution (3–5 ns FWHM). Other differences can

be attributed to the experimental uncertainties in dielectric

barrier thickness (and properties) and gap spacing.

IV. CONCLUSION

A nanosecond-pulsed dielectric barrier discharge in

340 K atmospheric pressure air was simulated under condi-

tions similar to a recently reported experimental study in

which mid-gap electric fields were measured.14 The simula-

tions confirm what is measured experimentally, in that the

mid-gap field initially tracks the nominal field expected since

the positive and negative ions lingering from the previous dis-

charge pulse are relatively immobile and cannot respond to

the applied potential in the time scales of the voltage pulse.

As the voltage pulse increases further, electrons bound to the

molecular oxygen detach, are heated by the field, and incipi-

ent ionization takes place, first near the positively biased elec-

trode. The ionization front is found to propagate from the

positively biased driven electrode towards the grounded elec-

trode (Meek’s condition) much like the propagation of a

streamer. This leads to the formation of a strong sheath close

to the dielectric barrier adjacent to the grounded electrode.

The increase in sheath strength is limited by the temporally

short voltage pulse and the charge accumulation on the dielec-

tric barrier surfaces. The sheath eventually collapses as a

result of the secondary electron emission generated by the

increasing positive ion bombardment of the dielectric barrier

surface. Despite the bipolar nature of the voltage pulse simu-

lated, an interesting feature of this DBD configuration is that

the polarity of the discharge between the dielectric barrier

surfaces reverses well before the reversal in the actual voltage

pulse, due to the charge accumulation. As the voltage pulse

eventually reverses in its polarity, a sheath then begins to

form on the driven electrode, the strength of which is signifi-

cantly weaker because of the lower applied potential and the

faster charge accumulation on the dielectric surfaces as a

result of the increased electron and ion densities.
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