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In this work, we present an experimental and theoretical study of a low frequency, atmospheric
plasma-jet discharge in argon. The discharge has the characteristics of a contracted glow with a
current channel of submillimeter diameter and a relatively high voltage cathode layer. In order to
interpret the measurements, we consider the separate modeling of each region of the discharge: main
channel and cathode layer, which must then be properly matched together. The main current channel
was modeled, extending a previous work, as similar to an arc in which joule heating is balanced by
lateral heat conduction, without thermal equilibrium between electrons and heavy species. The cath-
ode layer model, on the other hand, includes the emission of secondary electrons by ion impact and
by additional mechanisms, of which we considered emission due to collision of atoms excited at met-
astable levels, and field-enhanced thermionic emission (Schottky effect). The comparison of model
and experiment indicates that the discharge can be effectively sustained in its contracted form by the
secondary electrons emitted by collision of excited argon atoms, whereas thermionic emission is by

far insufficient to provide the necessary electrons. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936277]

I. INTRODUCTION

Atmospheric-pressure plasma jets have become the basis
of a variety of important applications in plasma medicine
and plasma biology."? For these applications, a crucial as-
pect is the presence of reactive species, as well as the rela-
tively low temperature of the massive components of the
plasma. From a fundamental approach, it is thus very impor-
tant to understand the physical characteristics and mecha-
nisms of generation of the plasma, in order to better predict
the resultant active species, and to properly design the dis-
charge for maximum efficiency.

This kind of discharges can be produced with relatively
simple power sources, many commercially available, using con-
figurations of enclosed electrodes that allow the working gas to
be blown through them in order to generate an emerging jet.

In this work, we study a plasma jet generated by apply-
ing an ac high voltage (about 10kV) of low frequency
(50Hz) between two disk-shaped electrodes with a hole in
the center and separated by a dielectric material. In a previ-
ous work,? it was found that the V-I characteristic of this
plasma jet could be explained by an arc-like main channel
plus a cathode layer with a large voltage drop (compared to
those corresponding to arc discharges). The main channel
was modeled using Elenbaas-Heller equation stating the bal-
ance between joule heating and radial heat conduction in a
cylindrical channel, while a constant cathode drop was added
to match the measured values, without any particular model-
ing, except the justification of its large value by the high col-
lisionality of the ions in the cathode layer.

In the present work, we develop a more detailed model
for the cathode layer, including transport, ionization, and
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recombination of the charged species, and mechanisms for
electron emission other than the secondary emission by ion
impact, such as field-enhanced thermionic emission and by
collision of excited, metastable atoms. Integration of the
resulting equations requires the knowledge of the electric field
and of the mean electron density in the main channel, obtained
from the main channel model, so that both models are matched
together, and the V-I characteristic and cathode voltage are
self-consistently evaluated. Additionally, from electrical diag-
nostic measurements experimental V-/ characteristic curves are
obtained. Using their dependence on the electrode separation,
the electric field in the main channel and the cathode layer
voltage are experimentally determined and compared with the
theoretical model. Furthermore, estimation of heavy species
temperature, obtained from spectroscopic measurements, is
also contrasted with that employed in the model.

Il. MODEL OF THE DISCHARGE
A. Model of the cathode layer

In order to develop a model of the cathode layer, we
consider it as stationary and one dimensional. The stationar-
ity is justified by the relatively low frequency of the dis-
charges studied (50 Hz), much smaller than the relaxation
frequencies of the plasma, while the one-dimensionality fol-
lows from the expected width of the layer being much
smaller than its cross section dimensions, what is a posteriori
verified (width up to a few pm and cross section diameter of
the main channel above 100 um). Besides, as the expected
layer voltage is relatively large, diffusive flows of charged
species can be neglected as compared with field induced

© 2015 AIP Publishing LLC
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flows. The last assumption can be justified by comparing
both flows

jmov - n,UE - neE/T - eAV
Jagr  Ddnjdx — dnjdx ~ TaAx’

where Einstein’s relation between mobility u and diffusion
coefficient D for each species was used. The species temper-
ature T is given in energy units, 7 is the species number den-
sity, e is the elementary charge, o is Townsend’s ionization
coefficient, E is the electric field in the layer, Ax its thick-
ness, and AV is the potential drop across it. As T is below
1 eV, the expected AV above 100V, and aAx below a few
tens, diffusive flows can be neglected. Note that this approxi-
mation would not be valid for the cathode layer in an arc dis-
charge in which the potential drop is an order of magnitude
smaller.

Using a Cartesian x axis with origin at the cathode sur-
face, the equations for the electron and ion species can be
written as

d

a (neﬂeEx) - _nea:ue|EX| + ﬁneniv (1)
d

dx (niyEy) = neopi|Ex| — Pnen;, @)

where o is again Townsend’s ionization coefficient, f is the
bulk recombination coefficient, and E, is the x component of
the electric field. These equations are complemented with
Poisson’s equation,

dE, e

I :%(m —n). 3)

Taking the mobilities as constant in the layer, subtracting
Eq. (2) from Eq. (1), using Poisson’s equation (3), and Eq.
(1) again, we obtain (we denote |E,| = E)

d? 2e d

—— (E?) == (1+ /1)~ (nE

e o (1 + s/ i) = (neE),

which on integration yields (neglecting the number one as
compared with the ratio of mobilities)

dE e i, [ EOC] @

ax el "™E
where the boundary conditions dE/dx =0, n, = n., E =
E, were used, as those corresponding to the discharge main
channel, obtained from the model described below.
From Egs. (1) and (4) we derive

1 dn, i
—_—— == — . 5
n, dx x ©)

Finally, from Poisson’s equation (3) and Eq. (4) we have
n,-np[ngnoo}. (6)

Defining the dimensionless magnitudes
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n, E
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Egs. (4) and (5) are written, respectively, as
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where Eq. (6) was used to write Eq. (9). By further writing

dn _ dndc
dx  dédx’

we finally obtain from Egs. (8) and (9)

tdn 1, & g+ (E—mr/w
ndé & () &e-nm 7

where & and f§ are dimensionless ionization and recombina-
tion coefficients, respectively, given by

(10)

€0
Hee

a ocL,B

B, (1)

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

[ = 8()Eoo &

= . (12)
ence

At this point, we consider the boundary conditions at the
cathode

(nf.ueE)|x:() - V(ni:uiE”x:O + (rbOﬂ (13)
dl’ll‘
— =0. 14
dx |, (14)

Equation (13) represents the emission of electrons from the
cathode by ion impact with secondary emission coefficient 7,
plus a flow of electrons ¢, due to other mechanisms of emis-
sion, such as thermoionic emission or by collision by meta-
stable excited atoms. On the other hand, condition (14) is
usually employed® to simulate the very thin ion diffusion
sublayer, not describable by a fluid model.

Using definitions (7) and the charge continuity relation
(derived from the difference of Egs. (1) and (2))

(et 4 nif;)E = noo i, Ec,

condition (13) is written as

Mo Y b0 ]
2= I+ : (15)
S v+1 [ Voot E oo

where &, and 7, denote the values of £ and 7, respectively, at
x=0.

Evaluation of Eq. (2) at x = 0 with condition (14), to-
gether with Poisson’s equation (3) and relation (13), results in

noa (&) = Eo(Eo — mo)(éo — Mo + o), (16)
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where it was made explicit that the ionization coefficient «
depends on the electric field.

In this way, given the electric field E, the electron den-
sity 1, at the channel, and a value of ¢, relations (15) and
(16) allow to determine &, and 7. Equation (10) then allows
to determine 7(¢) in the whole layer &, < & < 1.

Furthermore, since a voltage increment dV can be writ-
ten as

Ey d¢

dV = —E,dx = Edx = -2 95
T BT T e dx

the value of the voltage drop in the cathode layer, AV, can
be evaluated, using Eq. (8), as

boodt
H&E—n)

Finally, the spatial variable x(¢) is obtained, from Eq. (8), by
integration of

AV = ExLJ (17)

dx  eEx 1y 1
A& enw u, E(E—)

with the boundary condition x(&)) = 0, so that the cathode
layer thickness Ax can be obtained as x(¢ = 1)

1 df
Ax=L| ———. 18
Jioéz(é_”) ( )

1. Modeling different mechanisms of electron
emission

In addition to secondary emission by ion impact, elec-
trons can also be emitted from the cathode by thermionic
effect, as well as by interaction with atoms or molecules
excited at metastable levels. For electric fields at the cathode
surface below 5 x 10° V. m™", the emitted electron flow (elec-
trons per second per square meter) by thermionic—Schottky
effect can be modeled as’

v
brp = 71.35 x 10T exp [— %} (19)

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

Ve = \/eEy/(4ney), with Ey the electric field at the cathode.
The non-dimensional constant y can take values approxi-
mately between 0.125 and 2.5 to account for different sur-
face conditions.®

On the other hand, evaluation of the electron emission
by impact of metastable atoms requires the knowledge of the
flow of these atoms to the cathode and of the corresponding
effective secondary emission coefficient 7,. Following
Ref. 7, the equation for the number density distribution of
metastable atoms can be written as

dan Ny
m = TNl (»E > 20
2 e i, +rm (20)
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where o, is Townsend’s coefficient for atom excitation to
the considered level, 7,, is the lifetime of excited atoms, and
D,, is their diffusion coefficient. The solution of Eq. (20) not
diverging at x — o0, and with boundary condition 7,,(x = 0)
= 0, can be obtained analytically as

Ny (x) = % /;—m{2sinh(kmx) Jo N0 Edx

X
+ J neomE exp k(X — x)]dx’
0

_ J neomE explky(x — x’)]dx’},
0

where k,, = 1/v/DyT.
The flow of metastable atoms to the cathode can then be
expressed as

dn,,

fm = _Dmﬁ

= ,ugj neomE exp(kyx)dx, 21
x=0 0

and the corresponding flow of emitted electrons as

oo

d)m = Vmuej neamE eXp (kmx)dx' (22)

0

Expressions (19) and (22) are possible models for the term
¢, in the boundary condition (13). Note that if relation (22)
is employed, it must be self consistently determined along
with the solution of Equation (10). In order to do this, Eq.
(22) can be more conveniently written using the nondimen-
sional variables (7) and changing the integration variable
from x to &, using Eq. (8), as

! “m(é)rl

) é%(é _ ’1) exp[kmx(f)]dé. (23)

d)m = anoolueEOOLJ

B. Model of the main channel

The values n,, and E,, of the main channel, matching
the boundary layer, were determined similarly as in Ref. 3.
The main channel is modeled as a non-thermal plasma cylin-
der of radius R, in which the Joule heating is balanced by ra-
dial thermal conduction at each axial position, which is
expressed by the Elenbaas-Heller equation®

%% [r/l g} +oEZ =0, (24)
where T(r) is the electron temperature at each radial position
r, and A and o are the thermal and electrical conductivities,
respectively. For the non-thermal plasma, the conductivities
A and ¢ are those evaluated for a two temperature plasma,
given usually in terms of T(r) and the ratio 0 of electron to
heavy species temperature.® Given a value of R. and of
T(r = 0), the electric field E, is determined as the eingen-
value for which T(r = R,) is near ambient temperature.

As the plasma channel is assumed of uniform, atmos-
pheric pressure, the gas density can be determined from the
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heavy species temperature, from which the electron density
is determined, using the Saha equation. The value of n.,
used is then the channel mean electron density weighted by
cross-section area, which ensures the continuity of charge
between cathode layer and main channel.

The parameters to be determined are the values of R,
and 6. In order to fix these parameters, we explored the set
(R., 0) able to reproduce both, the value of E., as a function
of the discharge current (determined from the measured V-/
characteristics for different electrode separations, as detailed
below), and the correct magnitude of the heavy species tem-
perature, determined from the spectroscopic measurements.

lll. EXPERIMENTAL SETUP

A schematic of the experimental device used to produce
the atmospheric plasma jet is shown in Figure 1. This device
consists of two electrodes with a hole of 1 mm diameter,
through which the gas flows. The two electrodes are made of
stainless steel disks of 20 mm diameter and 3 mm thickness
attached to the surface of centrally perforated dielectric disks
(Teflon) of different thicknesses d. The hole at the center of
the dielectric disk is 2 mm in diameter. The ac power supply
is a commercially available transformer for neon light
(12kV, 70 mA, and 50 Hz), which is connected to a variable
autotransformer (Variac) to control the operating voltage
amplitude.

The gas flow was measured using a stainless steel float
flow meter. The voltage V between the electrodes was meas-
ured using a high voltage probe (Tektronix P6015A, 1000x)
connected to a digital oscilloscope (Tektronix TDS2004B, 60
MHz, 1 GS/s), and the current / was inferred from the voltage
drop through a 100 Q resistance (see Figure 1). Different elec-
trode separations d were obtained using dielectric disks of dif-
ferent thicknesses in the range of 1.3—10.2 mm.

The spectroscopic measurements were performed with a
monochromator (Diffraction grating: 2400 lines/mm; en-
trance/exit slit: 170/40 um) attached to a photomultiplier
(Hamamatsu 1P28). The entrance slit was mounted facing
the plasma jet, collecting the light emitted not only from the
plasma plume but also that from the interelectrode region.

dielectric
monochromator
electrodes
gasl:{) ptm
flow l Il .
e o
N 1 | Jeseses Soh
Lo R PC oscilloscope
~v |transformer
autktrans oﬂmer
220V

FIG. 1. Experimental device.
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FIG. 2. (a) Long-time exposure photograph of the discharge showing the
electrodes. (b) short-time (4 ms) exposure photograph of the discharge show-
ing the contracted channel.

All along this work, the discharge was operated with the
power source at its maximum voltage of 12kV (voltage am-
plitude at open circuit) and an argon flow of § I/min.

In order to observe the discharge, the Teflon disk was
replaced by one made of transparent acrylic with a central
orifice of 6 mm diameter, shown in Figure 2, together with a
detail of the discharge channel.

IV. RESULTS

Typical signals of current and voltage taken during the
discharge are shown in Figure 3. The discharge current has
a sinusoidal profile with a frequency of 50 Hz, almost inde-
pendent of the discharge characteristics, since it is con-
trolled by the transformer impedance. The displacement
current, measured with the discharge off, is negligible com-
pared with the discharge current. The voltage signal also
has a frequency of 50Hz and decreases when the current
increases and vice versa. This behavior results in a negative
slope in the V-I characteristic of the discharge.

1000

5001
> 9
< -5001

-10001
-0.010 -0.005 0.000 0.005 0.010
60-
30-

I [mA]

-0.010 -0.005 cg.?o]o 0.005 0.010
S

FIG. 3. Voltage and current signals of the jet for d =7 mm.
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The experimental main channel electric field E (1) as a
function of the current / was determined from the measured
characteristics as

vi(1) — AV(I)

; (25)
where the subscript i denotes an electrode separation and AV
is the voltage in the cathode layer, assumed to be independ-
ent of d; (but dependent on the discharge current), in such a
way that if “1” and “2” denote two different separations, one
can write that

Vall) = AV(D) Vi) = AV(D)
d B d, ’

where the cathode layer thickness was neglected as com-
pared with the electrode separation (the model predicts layer
thickness of a few um). In this way, the cathode voltage can
be determined as

_ V(1) — diVo(I)

AV(I) A

(26)

Figure 4 shows the experimental cathode voltage obtained
using d, =10.2mm and d; = 1.3 mm, which are the longest
and shortest electrode separations, respectively. Using the ex-
perimental values of AV(I), the main channel electric
field was obtained from Eq. (25), and shown in Figure 5 for
d =10.2 mm. In the same figure, the modeled electric field
E” (I) predicted by the non-thermal plasma model for the
main channel is also shown, corresponding to a channel radius
R, =100 um and 0 = 5.5, 6, and 6.5, together with the case
R, = 140 um, 0 = 5.5, included for comparison. This last case
corresponded to the largest radius for which solutions similar
to the experimental ones for some 6 are possible. Values of 0
larger than those presented did not result in correct electric
field values for any R, while lower values were inconsistent
with the measured low temperature of heavy species.

For the range of currents in the experiment (1070 mA),
a radius of the channel R, = 100 um leads to current

260 - = Experimental
——R =100 um, 6= 6.0
240
= 2201
>
<
200
180 T T T T T T T 1
0 20 40 60 80

I [mA]

FIG. 4. Cathode-layer voltage as a function of the discharge current. Dots:
experimental values, lines: theoretical cathode voltage for plasma conditions
in the main channel determined from the main-channel model with R, =
100 um and 6 = 6.
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3 . Experimental
5_ .
v - - - R=100 um, =55
v
N R =100 pum, 0=6.0
30— \‘\ ‘\
v —="-R=100um, 6=6.5
g, W
T 25l i, N T R =140 um, §=5.5
™~
>
=
W 20 -
154
10 T T T T T T T 1
0 20 40 60 80

I [mA]

FIG. 5. Main-channel electric field as a function of the discharge current.
Squares: Experimental value corresponding to an electrode separation
d = 10.2mm. Lines: theoretical model for different values of channel radius
R., and of ratio of electron to heavy species temperatures 0.

densities in the range of 30-220 A cm 2. Electron tempera-
tures at the axis range from about 7300K for 10mA to
9000K for 70 mA. The corresponding heavy species temper-
ature for 0 = 6 are then in the range of 1200-1500 K, similar
to those obtained from the spectroscopic measurement (see
below).

In order to model the cathode layer, the secondary elec-
tron emission coefficient was taken y =0.05, as indicated by
the best fit to different abnormal glow discharges in argon.’
Expressions of the ionization Townsend’s coefficient as a
function of the electric field and of the dissociative recombi-
nation coefficient as a function of the electron temperature
were taken from Chapter 4 of Ref. 6 and from Ref. 10.
Townsend’s coefficient for molecule excitation to metastable
level Ar(*P,) was taken as that for ionization,'" corrected for
the difference between ionization and excitation energies.
Concerning the metastable lifetime, for small extension of
the cathode layer (below 10 um), the results are not sensitive
to lifetime values above 1 us because the exponential inside
the integral in Eq. (23) is essentially of value one.

In Figure 4, it is included the modeled cathode voltage
values AV,,(I) calculated with the cathode layer model, Eq.
(17), using the E” (I) and ny(I) obtained from the non-
thermal channel model with R, = 100 um, 6 = 6.0. It can be
seen that values of the cathode voltage are around 220V,
well fitting the experimental values, and also similar to those
observed in abnormal glow discharges in argon.” The corre-
sponding layer thickness obtained from the model, Eq. (18),
is about 1—3 um for the range of currents of the experiment.
Using Eq. (19) to model thermionic emission, it was verified
that with cathode temperatures as high as 1500 K, about the
melting point of the cathode material (steel), this mechanism
was insufficient by one to two orders of magnitude to supply
the electron flow necessary to sustain a discharge with the
measured cathode voltages. On the other hand, secondary
emission by collision of metastable atoms ArCCP,) provided
an electron flow, according to Eq. (23), which led to a
AV, (I) similar to the measured one, using y,, = 0.4 — 0.7.
Since reported values of this coefficient are very high,'?
vYm =~ 1, we see that sustainment of the discharge can be
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FIG. 6. Modeled electron flow from the cathode for the three considered
mechanisms (secondary electron emission by ions, thermionic emission, and
electron emission by collision of metastable atoms).

consistently explained in this way. The relative importance
of the three considered mechanisms of electron emission
from the cathode can be appreciated in Figure 6. In this fig-
ure, the modeled electron flow from the cathode for R. =
100 um and 6 = 6.0 as a function of the discharge current
are calculated for secondary emission by ions, thermionic
emission and secondary emission by collision of metastable
atoms.

Finally, the V-I characteristics were modeled as V,,(I)
= AV,,(I) + E”. (I)d, using the modeled values AV,,(I) and
E” (I) for the case R. = 100 um, 0 = 6.0, and included with
the measured characteristics in Figure 7.

As can be seen in Figures 47, the modeled magnitudes
show a good agreement with the corresponding experimental
values only for discharge currents above 20mA. This prob-
lem can be traced to the main channel model which, as
shown in Figure 5, predicts excessively large values of
E” (I) for currents below 20 mA, possibly due to uncertain-
ties in the modeled conductivities at low electron tempera-
tures. An additional consistency check was made analyzing
the emission spectra of the plasma, which can be seen in
Figure 8, were all remarkable emissions monitored within
the 300-440nm range have been identified."*'* It is found
that the spectrum shows emissions of molecular nitrogen

containing N, second positive systems, and peaks
+ d=13mm
< d=33mm
500+ © d=45mm
<« d=7.0mm
+ d=10.2mm

400

VIV]

300

200

I [mA]

FIG. 7. Experimental (dots) and theoretical (lines) V-I characteristics for ar-
gon with different electrode separations.
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109 | OH (A>X)

N, (C->B)
0.8 l
0.10 Ar (5p->4s)
r (5p—4s
S 0.6- 0.08
©
i~ 0.06
2 0.4 0.04-
[
£
0.2 1
0.0

T T T T T T 1
300 320 340 360 380 400 420 440
Wavelenght [nm]

FIG. 8. Emission spectrum of the plasma jet with all remarkable emissions
monitored within the 300440 nm range for argon.

corresponding to OH and Ar. These excited molecules and
energetic UV photons play important roles in the sterilizing
properties of plasmas.

An experimental spectrum of the 357.7nm peak of the
N 2nd positive system (dots + lines) and SPECAIR software
spectral simulations (lines) are shown in Figure 9. It was
found that the best fits are obtained with rotational tempera-
tures 7T, between the values 1200K and 1500K, consistent
with those of the heavy species obtained from the channel
model.

V. CONCLUSIONS

In this work, a model of a low frequency plasma jet dis-
charge was developed and contrasted with experimental
results. It was found that a simple model of the main channel
as a non-thermal plasma, and a cathode layer model with dif-
ferent mechanisms of electron emission, collisions of argon
ions, and argon metastable atoms, reproduced well the meas-
ured electric fields and the V-I characteristic curves for cur-
rents above 20 mA.

In the experiments, we have observed that the discharge
has the visual characteristics of a thin, contracted column,
which must sustain relatively high current densities. Results
from the models employed (and from the observed size of
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FIG. 9. Experimental spectra of the 357.7nm peak (dots+ lines) and
SPECAIR software spectral simulations (lines).
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the discharge channel) indicate current densities of similar
value (over 100A cm 2) to those of abnormal glow dis-
charges in argon at atmospheric pressure with similar cath-
ode voltages.” A possible scenario for the development of
this kind of contracted abnormal glow discharge is the fol-
lowing. Before gas breakdown, a relatively large amount of
charge can be accumulated on the electrodes, given the large
voltages and the relative proximity and large area of the elec-
trodes, so that when the breakdown takes place, either by
streamers or Townsend mechanism (the values of pressure
times electrode separation, pd, in the device can correspond
to either®), a high current, spark-like discharge is initiated.
Considering now a generic voltage-current (V-I) characteris-
tic, the discharge initiates on the high-current region of the
characteristic, corresponding to an arc, and as the power
source current limitation operates the discharge moves to-
ward the abnormal glow region of the characteristic, thus
allowing this type of discharge to be reached from the arc
region. At this point, efficient electron generation at the cath-
ode can be achieved by diverse mechanisms to sustain the
discharge. In particular, the cathode layer model indicates
that mechanisms additional to secondary emission by ion
impact are required, as even the highest reported values of
the secondary emission coefficient for this process are insuf-
ficient to provide the necessary current densities. As it turns
out, current densities by thermionic emission, even aided by
the electric field, are also insufficient by about two orders of
magnitude, while the model predicts a consistently evaluated
flow of metastable argon atoms to the cathode, capable of
generating enough secondary electrons to sustain the dis-
charge, with values of the corresponding secondary emission
coefficient similar to those reported.

Finally, as an example of further information that can be
obtained from the model, we briefly consider the derivation
of reaction rates k of interest for electron impact processes.
For instance, generation of hydroxyl radicals OH are of
prime importance in biological applications of plasma jets.
From the values of the cross section as a function of the elec-
tron energy, aop(¢), for the production of OH from water
molecules by electron impact,' and the distribution function
of electron energy, F(¢), obtained with the Bolsig software,16
using the neutral number density and electric field strength
in the main channel given by the model, the reaction rate for
the process can be evaluated as

kon = MJOO

o

F(e)aon(e)ede,

where e and m are the electron charge and mass, respec-
tively. Characteristic values are so obtained to be koy
~7x1072 m® s7! for the employed discharge. On the

Phys. Plasmas 22, 113512 (2015)

other hand, production of OH by collision of excited, metasta-
ble argon atoms with water molecules is considered of impor-
tance given its relatively large cross section'’ ¢ ~ 6 x 1071
m? (rate reactions of about'® 2 x 1071 m? s_l). However,
this mechanism is expected to exist only in the um thin cath-
ode layer, because the values of the electric field in the main
channel of the argon discharge correspond to negligible val-
ues of the Townsend excitation coefficient for argon atoms in
this region, so that Eq. (20) predicts negligible excited argon
population. Taking as an estimation of the flux of metastable
argon atoms that evaluated at the cathode, given by Eq. (21),
we obtain a corresponding efficiency of about 10° times that
of electron impact alone in argon. As electron impact produc-
tion of OH radicals acts in the mm long channels, both mech-
anisms can in principle be of similar importance in this
discharge.
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