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In this work, we present an experimental and theoretical study of a low frequency, atmospheric

plasma-jet discharge in air. Voltage-current characteristics and spectroscopic data were experimen-

tally obtained, and a theoretical model developed to gain information of different aspects of the

discharge. The discharge is modeled as a cathode layer with different mechanisms of electron

emission and a main discharge channel that includes the most important kinetic reactions and

species. From the electric measurements, it is determined that high electric field magnitudes

are attained in the main channel, depending on the gas flow rate. Using the voltage-current charac-

teristics as an input, the model allows to determine the plasma state in the discharge, including elec-

tron, gas, and molecular nitrogen vibrational temperatures. The model also allows to infer the

mechanisms of secondary electron emission that sustain the discharge. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4973555]

I. INTRODUCTION

Non-thermal, atmospheric-pressure plasma jets are a

fundamental tool in a wide range of technological and

bio-medical applications.1–3 Important advantages of these

devices are their relative simplicity, easy operation, power

efficiency, and the variety of possible active species produc-

tion depending on design, type of gas employed, etc.

In spite of their widespread use, still much effort is

needed to fully understand the basic physical aspects of these

devices, in particular, the mechanisms of generation and

sustainment of the discharge, and the characteristics of the

generated plasma and of the active species. These latter

aspects are particularly complex for gases other than noble

gases, and especially in the case of air. We have recently pre-

sented a study of a low-frequency plasma jet (without a

dielectric barrier) operating with argon4 and found that a

rather involved model is required to properly account for the

plasma discharge characteristics. It was found that the

discharge consists of a non-thermal plasma with a current

channel of submillimeter diameter and that impact on the

cathode by metastable excited argon atoms, generated under

the action of the relatively high electric field in the cathode

layer, are required to produce the flow of secondary electrons

needed to sustain the discharge. Also, proper modeling and

matching of the main discharge channel and cathode layer is

required to correctly reproduce the measured voltage-current

(V-I) characteristic and temperatures derived from spectro-

scopic data.

In the present work, we perform a similar analysis for

the much more complex case of a plasma-jet operating with

air. Using the general cathode layer model previously devel-

oped and a new model of the main discharge channel, whose

input is the measured V-I characteristic, different aspects of

the discharge can be explained. One of the most interesting

results is the fact that the electric field in the discharge main

channel attains higher values than in the similar air

discharges, and that these values are up to some point con-

trolled by the gas flow rate (the higher the flow rate the

higher the electric field). These high fields produce energetic

electrons that can be used, for instance, to affect chemical

reactions having high energy thresholds. Another point is

that as electron collisions readily excite vibrational levels of

molecular nitrogen (N2), which in turn transfer energy effec-

tively to translational modes of the heavy species, the gas

temperatures are high enough to allow field-enhanced therm-

ionic emission by the cathode to be effective in the sustain-

ment of the discharge.

II. MODEL OF THE DISCHARGE

A. Model of the cathode layer

The derivation and details of the cathode layer model

can be seen in Ref. 4, of which we here give a short account.

The variables considered are the local electron number

density ne and the axial electric field magnitude E, from

which non-dimensional variables are defined as

g � ne

n1
; n � E1

E
; (1)

where n1 and E1 are the corresponding variables at the

main channel (for ne the average over the channel section is

employed). From the continuity equations for electrons and

ions, together with Poisson equation, a single differential

equation is derived relating the variables defined by relations

(1), given as

1

g
dg
dn
¼ 1

n
þ ~a

n2 n� gð Þ
� ~b

gþ n� gð Þle=li

n n� gð Þ ; (2)

where ~a and ~b are dimensionless ionization and recombina-

tion coefficients, respectively, given by
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~a � aL; ~b � e0

lee
b; (3)

where the constant L, with dimensions of length, is given by

L � e0E1
en1

li

le

; (4)

e is the elementary charge, a is the Townsend’s ionization

coefficient, b is the bulk recombination coefficient, and le;i

are the electron and ion mobilities.

The boundary conditions at the cathode result in

g0

n0

¼ c
cþ 1

1þ /0

cn1leE1

� �
; (5)

g0~aðn0Þ ¼ n0ðn0 � g0Þðn0 � g0 þ ~bg0Þ; (6)

where n0 and g0 denote the values of n and g, respectively, at

the cathode, c is the secondary emission coefficient, and /0

is the flow of electrons emitted from the cathode due to

mechanisms other than secondary emission by ion impact.

Given a value of /0, expressions (5) and (6) determine

the values n0 and g0, allowing to integrate Eq. (2) up to

n ¼ 1, the value of the nondimensional variable at the chan-

nel. In this way, the voltage drop in the cathode layer DV
and the cathode layer thickness Dx are obtained as

DV ¼ E1L

ð1

n0

dn

n3 n� gð Þ
(7)

and

Dx ¼ L

ð1

n0

dn

n2 n� gð Þ
; (8)

respectively.

As models of /0, we consider electron emission from

the cathode by thermoionic effect, as well as by interaction

with atoms or molecules excited at metastable levels.

For electric fields at the cathode surface below 5� 109

V m�1, the emitted electron flow (electrons per second per

square meter) by the thermoionic–Schottky effect can be

modeled as5

/TE ¼ v 1:35� 1033T2 exp �um � VE

T

� �
; (9)

where T is in eV units, um is the metal work function, and

VE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eE0=ð4pe0Þ

p
, with E0 ¼ E1=n0 the electric field at

the cathode. The non-dimensional constant v can take values

approximately between 0.125 and 2.5 to account for different

surface conditions.6

The flow of electrons emitted by the impact of metasta-

ble atoms is given as

/m ¼ cmn1leE1L

ð1

n0

am nð Þg
n3 n� gð Þ

exp kmx nð Þ½ �dn; (10)

where km ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffi
Dmsm

p
, am is the Townsend’s coefficient for

atom excitation to the considered level, sm is the lifetime of

excited atoms, and Dm is their diffusion coefficient. The spa-

tial variable xðnÞ is obtained, from Eq. (8), by the integration

of

dx

dn
¼ e0E1

en1

li

le

1

n2 n� g nð Þ½ �
; (11)

starting at xðn0Þ ¼ 0.

B. Model of the main channel

The values n1 and E1 of the main channel, needed to

solve the boundary layer equations, were determined simi-

larly as in Ref. 7. The main channel is modeled as a non-

thermal plasma cylinder of radius R in which the Joule heat-

ing is balanced by the radial thermal conduction at each axial

position

1

r

d

dr
rk

dT

dr

� �
þ gTrE2

1 þ QVT ¼ 0; (12)

1

r

d

dr
rnN2

D
deV

dr

� �
þ gVrE2

1 � QVT ¼ 0; (13)

where TðrÞ is the gas temperature at each radial position r,

eV is the mean vibrational energy of nitrogen molecules, k is

the gas thermal conductivity without the contribution from

vibrational excitation of nitrogen molecules, determined

from the equilibrium conductivity keq, taken from tables,8 as

k ¼ keq � nN2
DkB EN2

=T
� �2 exp �EN2

=T
� �

exp �EN2
=T

� �
� 1

� �2 ; (14)

D is the diffusion coefficient of N2 molecules, whose num-

ber density is nN2
. EN2

is the vibrational excitation level of

N2 (0.29 eV) and kB is Boltzmann constant. The vibrational

to translational relaxation of N2 molecules is modeled

through the term

QVT ¼ n
eV � eV Tð Þ

sVT
; (15)

with n as the total number density, and where eVðTÞ is the

equilibrium mean vibrational energy at the gas temperature

eV Tð Þ ¼ EN2

exp EN2
=T

� �
� 1

; (16)

and sVT is the relaxation time.

The fraction gV of Joule energy going to vibrational

excitation of N2 is determined from the electron energy loss

coefficients given by the Bolsig software as a function of the

reduced electric field E1=n. gT is determined in the same

manner—the fraction of Joule energy that goes to the transla-

tional degrees of freedom.8

The electrical conductivity r is determined as

r ¼ elene, where the electron mobility le is given as a func-

tion of the reduced electric field E1=n.9

The electron number density ne is determined from the

diffusion equation

013502-2 Xaubet et al. Phys. Plasmas 24, 013502 (2017)



1

r

d

dr
rDA

dne

dr

� �
þ qe ¼ 0; (17)

in which the ambipolar diffusion coefficient DA is employed.

The simplification of the model is contained in the source

term qe, which incorporates only the most relevant reactions

in the regime considered10,11

eþ NO! eþ eþ NOþ; (R18)

N þ O! NOþ þ e; (R19)

NOþ þ e! N þ O; (R20)

with corresponding reaction coefficients kR18, kR19, and kR20,

so that the source term is written as

qe ¼ kR18nenNO þ kR19nNnO � kR20n2
e ; (21)

and in which it was taken into consideration that since the

gas temperature is high, there is negligible attachment,11 so

that the number density of electrons is very close to that of

the positive ions NOþ. Also, since the degree of ionization is

very low, the atomic species and NO are produced mainly by

collisions among heavy species, so that the densities of N, O,

and NO are determined from the equilibrium constants at the

gas temperature

BNO ¼
N½ � O½ �
NO½ � ; BN2

¼ N½ � N½ �
N2½ �

; BO2
¼ O½ � O½ �

O2½ �
: (22)

In this way, by considering that nN2
þ 2nN ¼ n0N2

, with n0N2

the local density of N2 if there were no dissociation, with an

analog relation for oxygen, we obtain

nN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2

N2
þ n0N2

BN2

q
� BN2

; (23)

nO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2

O2
þ n0O2

BO2

q
� BO2

; (24)

nNO ¼
nNnO

BNO
; (25)

where the values of n0N2
and n0O2

are taken as 0:8n and 0:2n,

respectively. The expressions of kR18, kR19, kR20, BNO, BN2
,

and BO2
are taken from Ref. 7. The expressions of the diffu-

sion coefficients and of sVT are taken from Ref. 12.

The electron temperature (Te) needed in the evaluation

of DA and kR20 is obtained from the Bolsig code13 as a func-

tion of the local reduced electric field. Vibrational tempera-

ture needed for the evaluation of kR18 is obtained from eV as

TV ¼ EN2
=lnð1þ EN2

=eVÞ.
The model is closed by giving the value of R. The condi-

tion of zero radial derivative at r ¼ 0 for all magnitudes, and

that T and TV correspond to ambient temperature at r ¼ R,

while ne � 0 at that position, allow to solve Eqs. (12), (13),

and (17) with the electric field E1 determined as the eigen-

value for which the electric current circulating in the channel

I ¼ 2pE1

ðR

0

rðrÞdr

takes the value corresponding to the discharge current

considered.

Finally, the value of n1 is determined as

n1 ¼
2

R2

ðR

0

ne rð Þrdr: (26)

III. EXPERIMENTAL SETUP

The electrodes of the plasma jet system consist of two

stainless steel disks of 20 mm diameter and 3 mm thickness

with a center hole of 1 mm diameter. The two electrodes are

attached at both sides of a dielectric disk (Teflon PTFE) with

a hole at the center of 2 mm in diameter through which the

air flows. Three different electrode separations d can be

assembled using dielectric disks of 1.3, 1.9, and 3.3 mm of

thickness. The flow rate varies from 2 l/min to 16 l/min. Due

to excessive heating, continuous operation is not possible

with flow rates below 2 l/min. On the other hand, it is not

possible to sustain the discharge with the largest electrode

separation of 3.3 mm with flow rates above 8 l/min. It is for

these reasons that we have chosen to present most of the

results for the case of a flow rate of 8 l/min. The jet is driven

by a 50 Hz commercially available transformer for neon light

connected to a variable autotransformer at the maximum

high voltage output of 12 kV. A schematic of the experimen-

tal setup is shown in Figure 1.

The gas flow was measured using a stainless steel float

flow meter. The voltage V between the electrodes was mea-

sured using a high voltage probe (Tektronix P6015A, 1000�)

connected to a digital oscilloscope (Tektronix TDS2004B, 60

MHz, 1 GS/s), and the current I was inferred from the voltage

drop through a 100 X resistance (see Figure 1).

Optical emission spectra of the discharge were measured

with a spectrograph HORIBA IHR320, equipped with a

CCD detector. The entrance slit, of 0.2 mm width, was

mounted facing the plasma jet, collecting the light emitted

not only from the plasma plume but also that from the inter-

electrode region. The SPECAIR software14 was used to

model the optical emission spectrum corresponding to the

FIG. 1. Experimental device.
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transitions of the N2 2nd positive system in order to deter-

mine the rotational temperature.

IV. RESULTS

In Figure 2, a typical signal of the discharge current and

voltage is shown. The current has a sinusoidal profile with a

frequency of 50 Hz limited by the transformer impedance.

Several current spikes appear at the beginning of each half

cycle, reaching up to about 10 A amplitude, corresponding to

electric breakdowns interrupted by the fast current limitation

of the power source. At the end of the half cycle, when the

established discharge is interrupted, another single spike

appears due to inductive rising of the voltage. Each of these

spikes is followed by a spurious spike of opposite sign,

related to the measuring circuitry and having maximum

amplitudes of about 1 A. Only after repeated, unsuccessful

breakdowns does the more permanent discharge set up, prob-

ably helped by gas heating and charges left by the previous

breakdowns. The voltage signal has also a frequency of

50 Hz, and as the discharge progresses, during each half

cycle, the voltage decreases when the current increases and

vice versa. This behavior results in a negative slope in the

V(I) characteristic of the discharge, which can be observed in

Figure 3 for the three different electrode separations. Due to

the large excursions of the electric magnitudes at the initia-

tion and end of the discharge in each half cycle, only values

of the current above 25 mA up to the maximum value

(first quarter of each cycle) are used to obtain the V(I)
characteristics.

From the measured VðIÞ for two different electrode sep-

arations, the main channel electric field E1ðIÞ, and the cath-

ode layer voltage DVðIÞ can be determined, considering that

E1 Ið Þ ¼ Vi Ið Þ � DV Ið Þ
di

; (27)

where the subscript i denotes an electrode separation, and

where the cathode layer thickness was neglected as com-

pared with the electrode separation (the model predicts layer

thickness of a few lm). Further assuming that DV is

independent of di, if “1” and “2” denote two different elec-

trode separations, one can write that

E1 Ið Þ ¼ V2 Ið Þ � DV Ið Þ
d2

¼ V1 Ið Þ � DV Ið Þ
d1

:

In this way, the cathode layer voltage can be determined as

DV Ið Þ ¼ d2V1 Ið Þ � d1V2 Ið Þ
d2 � d1

: (28)

Figure 4 shows the experimental cathode layer voltage as a

function of I obtained using the separations d¼ 1.3 and

3.3 mm in expression (27), corresponding to a gas flow of

8 l/min. The error bars in this figure contain the values

obtained using the other distance combinations in Eq. (27).

In the same figure, the line represents the result of the cath-

ode layer model. This result was obtained by choosing as the

parameter of the model, the current dependent values of U0,

the flow of secondary electrons emitted at the cathode due to

mechanisms other than ion impact.

Also, using (28) in (27), the electric field in the main

channel can be obtained as

E1 Ið Þ ¼ V2 Ið Þ � V1 Ið Þ
d2 � d1

; (29)

FIG. 2. Voltage and current signals of the jet for d¼ 1.3 mm and an air mass

flow of 8 l/min.

FIG. 3. Experimental V-I characteristics for an air flow of 8 l/min with dif-

ferent electrode separations.

FIG. 4. Cathode-layer voltage as a function of the discharge current. Dots:

experimental values corresponding to an air flow rate of 8 l/min. Line: theo-

retical model fit.
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and it is shown in Figure 5 for d1¼ 1.3 and d2¼ 3.3 mm. The

error bars in this figure contain the values obtained using the

other distance combinations. The theoretical E1 as a func-

tion of the current was obtained using the main channel

model and shown in the same Figure 5 as a full line. The

best accord between model and experiment was obtained for

a channel radius R dependent on the current, as shown in

Figure 6. The corresponding gas temperature at the axis,

together with the N2 vibrational temperature and electron

temperature at the axis, resulting from the model of the main

channel, is shown in Figure 7.

In order to model the cathode layer, the secondary elec-

tron emission coefficient for the ion impact was taken as

c¼ 0.005, corresponding to Nþ2 ions.15 Expressions of the

ionization Townsend’s coefficient as a function of the elec-

tric field, and of the dissociative recombination coefficient as

a function of the electron temperature, were taken from

Chapter 4 of Ref. 6 and from Ref. 16. In order to evaluate

metastable N2 contribution to the generation of secondary

electrons at the cathode using Eq. (10), Townsend’s coeffi-

cient for N2 molecule excitation to the metastable level

N2(A3Ru
þ)17 was taken as that corresponding to ionization,

but corrected for the difference between ionization and exci-

tation energies. The precise values of the metastable lifetime,

which are above 1 ls,18 are not critical because of the rela-

tively small extensions of the cathode layer (below 10 lm,

as obtained from the cathode layer model), which lead to the

exponential in the integral in Eq. (10) to be very close to

one. The contribution of the field-enhanced thermionic effect

to the secondary electron emission was evaluated using

Eq. (9) with the determined electric field at the cathode sur-

face. In this way, for each couple of values (n1;E1) corre-

sponding to a given current I, the flow /0 needed to match

the experimental cathode layer voltage is determined, which

allows to infer what should be the necessary secondary emis-

sion coefficient of metastable molecules cm, or the surface

temperature for thermoionic emission, in order for each

mechanism to sustain by itself the discharge.

It is found that the field-enhanced thermionic effect is

by itself able to provide the additional flow /0 of secondary

electrons needed to sustain the discharge, for temperatures

near the melting point of steel (about 1500 K), which can be

justified as the gas temperature at the axis ranges between

approximately 1500 and 2500 K. Additional evidence of

high temperatures at the electrode surface is the damage

caused by melting that can be observed after sustained opera-

tion of the discharge. On the other hand, in order to sustain

the discharge with the only additional mechanism of electron

emission by collision of metastable N2, a corresponding sec-

ondary emission coefficient cm > 0:08 would be necessary.

As reported values are between one and two orders of magni-

tude smaller,19 it appears that this mechanism is not effective

to sustain the discharge.

The measured spectrum of the N2 2nd positive system

(dots), together with the simulated spectrum using the

SPECAIR@ software (lines), is shown in Figure 8. The simu-

lation corresponds to Tr¼ 1950 K. Taking into consideration

that the rotational temperature Tr used in the simulation is a

good estimator of the gas temperature T,20 it can be seen that

the temperature obtained from the model gives good account

of the experimental spectrum.

Note that the measured spectrum around 327 nm shows

a deviation from the simulated spectrum. This is due to the

fact that around this wavelength, the spectrum is rather

dependent on the N2 vibrational temperature of the excited

electronic state (C3P). Since the rest of the spectrum shown

is not very sensitive to the precise value of the vibrational

FIG. 5. Main-channel electric field as a function of the discharge current.

Dots: experimental values corresponding to an air flow rate of 8 l/min. Line:

theoretical model fit.

FIG. 6. Channel radius as a function of current used in the theoretical model

to fit the measured electric field for a flow rate of 8 l/min.

FIG. 7. Gas temperature at the axis, full line, as a function of current used in

the theoretical model to fit the measured electric field for a flow rate of 8 l/

min. Dashes: resulting N2 vibrational temperature at the axis. Dots: resulting

electron temperature at the axis.
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temperature but only to the rotational temperature, we have

used in the SpecAir simulation the vibrational temperature

provided by the model for the ground electronic state (X1R),

about 8000 K, which in atmospheric pressure plasmas not

necessarily equals to that of the excited state.20

Finally, in Figure 9, the electric field in the main channel

as a function of the current is shown for different air flow

rates. These values were determined using expression (29)

with the measured voltage and current corresponding to

d¼ 1.3 and d¼ 1.9 mm, the latter being the largest separa-

tion for which the discharge can be sustained for air flows

over 8 l/min. The figure shows a systematic increase in the

field magnitude with the flow rate.

V. DISCUSSION

Some worth noting results concern the obtained parame-

ters of the cathode layer. The normal cathode fall for a glow

discharge in air with a steel electrode is about 269 V, with a

corresponding thickness at an atmospheric pressure (and

ambient temperature) of about 7 lm.6 The measured cathode

voltages in our case are somewhat below 240 V, and as low

as 180 V for the lowest currents considered, and the corre-

sponding cathode layer thickness predicted by the cathode

layer model is in the range of 5–7 lm. The cathode layer

model fits the voltage measured values, also matching the

electric field and mean electron density in the main channel

(the latter obtained from the channel model) only if an addi-

tional mechanism to that of ion collision is considered for

secondary electron emission. As discussed above, the most

likely additional mechanism is field-enhanced thermoionic

emission, with predicted field values at the cathode surface

of 4–6� 107 V/m. The lower cathode voltages, relative to the

normal cathode fall, together with the additional mechanism

of secondary electron emission, indicate that the discharge is

of the contracted glow type.

Another interesting result is the generation of increas-

ingly higher values of the electric field magnitude in the

main discharge channel as the gas flow increases, up to a sat-

uration value. In order to analyze this behavior, we consider

the cooling effect of the air flow on the discharge, which can

be estimated by comparing the transit time of an air parcel

inside the conduct with the diffusion time of the hot elec-

trons and ions of the discharge in that parcel. For a flow rate

of 10 l/min, the gas velocity is about 50 m/s, and the transit

time is about 20 ls (for a 1 mm characteristic length). The

characteristic time for the radial diffusion of hot electrons

and ions, with an ambipolar diffusion coefficient21 of about

5� 10�2 m2/s and conduct radius 1 mm, is also 20 ls. In this

way, below about 10 l/min, the lower the flow rate the more

marked the heating of the air inside the conduct with the con-

sequent reduction of its cooling effect on the discharge chan-

nel. The increase in the electric field as the gas flow rate

increases can thus be related to the augmented cooling effect,

and interpreted in terms of the corresponding augmented

electrical resistivity of the channel. Since there is a maxi-

mum cooling effect obtained when the flowing gas stays

close to the ambient temperature inside the conduct, one

expects saturation in the thermal state of the discharge when

the flow rate exceeds about 10 l/min. It is indeed at about this

flow rate value that the maximum values of the electric field

in the main channel are obtained, as further increasing the

flow up to 16 l/min results in the same electric field magni-

tudes within the experimental uncertainties (see Figure 9).

In the model used, the cooling effect reflects itself in the

values of the radius at which the boundary condition of the

ambient temperature is enforced. For a flow of 2 l/min, the

electric field and temperature of different species match

those reported in similar discharges in which the influence of

the gas velocity is weak.10 As the gas flow increases, the

model results in lower gas temperatures and higher vibra-

tional temperatures, the latter directly reflecting the action of

the increased electric field, and also of the smaller channel

radius that reduces the time for energy exchange between

vibrational and translational modes.

VI. CONCLUSIONS

We have presented an experimental and theoretical study

of a plasma-jet discharge operating with air at atmospheric

pressure. Models for the cathode layer and for the main dis-

charge channel were also employed to help understand the

physical mechanisms involved, in particular, the novel char-

acteristic of generation of large values of the electric field in

the plasma channel, needed to sustain the discharge against

FIG. 8. Experimental spectra of the N2 2nd positive system (dots) and

SPECAIR software spectral simulations (lines) corresponding to the case

with an air flow of 8 l/min.

FIG. 9. Electric field in the main discharge channel as a function of the cur-

rent for different air flow rates.
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strong cooling by the gas flow, which at the highest flow rates

results in air transit times of the same order of the kinetic dif-

fusion times in the conduct. These high values of the electric

field can be useful to generate a substantial number of high

energy electrons capable of high-threshold energy reactions

if, for instance, small mixtures of additional gas components

are added to the incoming gas flow.

Also, the model of the main channel employed is useful

to derive detailed information of the plasma state from rela-

tively simple electrical measurements, allowing, for instance,

to determine reactive species production, temperatures, etc.
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