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On the physical processes ruling an atmospheric pressure air glow
discharge operating in an intermediate current regime
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Low-frequency (100 Hz), intermediate-current (50 to 200mA) glow discharges were experimen-
tally investigated in atmospheric pressure air between blunt copper electrodes. Voltage—current
characteristics and images of the discharge for different inter-electrode distances are reported. A
cathode-fall voltage close to 360 V and a current density at the cathode surface of about 11 A/cm?,
both independent of the discharge current, were found. The visible emissive structure of the dis-
charge resembles to that of a typical low-pressure glow, thus suggesting a glow-like electric field
distribution in the discharge. A kinetic model for the discharge ionization processes is also pre-
sented with the aim of identifying the main physical processes ruling the discharge behavior. The
numerical results indicate the presence of a non-equilibrium plasma with rather high gas tempera-
ture (above 4000 K) leading to the production of components such as NO, O, and N which are usu-
ally absent in low-current glows. Hence, the ionization by electron-impact is replaced by
associative ionization, which is independent of the reduced electric field. This leads to a negative
current-voltage characteristic curve, in spite of the glow-like features of the discharge. On the other
hand, several estimations show that the discharge seems to be stabilized by heat conduction; being
thermally stable due to its reduced size. All the quoted results indicate that although this discharge
regime might be considered to be close to an arc, it is still a glow discharge as demonstrated by its
overall properties, supported also by the presence of thermal non-equilibrium. © 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907661]

I. INTRODUCTION

Typical sources for atmospheric pressure plasmas
include arc, glow, corona, and dielectric barrier (DBD) dis-
charges. In high-pressure arcs with currents > 1 A, the elec-
tron and gas temperatures usually exceed 6000K in
molecular gases.' Due to the high gas temperature, the domi-
nant ionization mechanism is the thermal ionization, and the
vibrational (T,;,) and rotational (T,,) temperatures are
almost equal to the kinetic (translational) temperature (7);
being all of them close to the electron (7,) temperature. Such
kinds of plasmas are referred to as thermal or equilibrium
plasmas? and are widely used for material processing (e.g.,
plasma cutting, spraying, etc).>* On the contrary, glow, co-
rona and DBD discharges typically produce non-equilibrium
(cold plasmas) discharges with the gas temperature near
room temperature Ty ~ Tyo <Tyip < Te.5 =" The non-
equilibrium state is characterized by the presence of ener-
getic electrons, that produce in turn ions and highly active
chemical reactive species, but without the generation of ex-
cessive heat which could damage substrates. Owing to these
features, cold plasmas have found widespread application in
plasma biology and plasma medicine.*'°

The atmospheric pressure glow discharge has also
attracted much attention in recent years as a promising
source for non-equilibrium plasmas.''~'® A large amount of
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these works have been conducted in low-current (~1 to
10mA) regimes.'"'>"'”'® The normal low-pressure glow dis-
charge is one of the most studied and widely applied non-
equilibrium plasma discharge.! However, glow discharges at
atmospheric pressure are hardly attainable due to instabilities
which lead to a glow-to-arc transition."'® As the pressure is
increased the glow current density increases until reaching
the threshold for the development of instabilities leading to a
transition to the arc phase. There are at least two recognized
mechanism resulting in glow to arc transition: (a) the con-
traction and thermalization of the discharge resulting from
heating of the neutrals (the so called thermal instability");
and (b) heating of the cathode, resulting in the transition of
secondary electron emission to thermionic emission of elec-
trons from the cathode surface. In atomic gases, the main
mechanism of energy transfer from the electrons to the gas is
by elastic collisions. In molecular gases, however, electrons
can transfer energy to additional molecular internal energy
states, such as vibrational and rotational modes. Since the
typical characteristic vibrational energy values (0.2-0.5eV)
are comparable to typical electron temperatures (of about
1eV), most of the electron energy will be transferred to
vibrational modes and partially to gas temperature through
mechanisms of vibrational-translational relaxation.®’-'>!7
As inelastic losses are usually greater than elastic ones by
one to two orders of magnitude, molecular gases typically
have higher heating rates and are more susceptible to

© 2015 AIP Publishing LLC
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thermalization than atomic gases."'® In a low-pressure glow,
the thermal instabilities are usually suppressed by gas cool-
ing at the boundaries. At atmospheric pressure, stable glow
discharges are sometimes achieved by introducing a negative
feedback between the discharge current and voltage. Large
ballasted resistors'® or high-impedance transformers®’ have
been usually used to avoid the glow-to-arc transition.
Although the contraction of high-pressure glow
discharges is often referred to as arcing, a stable (current
limited) “hybrid” discharge lying between the strongly
non-equilibrium plasma of a diffuse glow and the equilib-
rium plasma of a constricted arc can exists.' The tempera-
tures T, and T, in an hybrid discharge differ appreciable, T,
~ 10000 to 30000K, T, ~ 2000 to 3000 K; but this differ-
ence is closer than that found in a low-pressure glow. The
electron density can reach up to 10°°m > and the current
density is greater than those found in the low-pressure glow
but lower than the corresponding to an arc. Additionally, the
electric field strength reaches an intermediate value between
its characteristic values found in glow and arc discharges."'
This work describes an experimental characterization of
a low-frequency, intermediate-current glow discharge oper-
ating in atmospheric pressure air between copper blunt elec-
trodes for inter-electrode lengths from 0.1 to 11 mm and
currents from 50 to 200 mA. A kinetic model for the ioniza-
tion processes in the air discharge is also presented, with the
aim of identifying the main physical processes ruling the dis-
charge behavior. The results indicate the presence of a non-
equilibrium plasma with rather high gas temperature (above
4000K) thus causing that the ionization by electron-impact
will be replaced with associative ionization. The paper is
organized as follows: the experimental set-up is presented in
Sec. II, while the experimental data are given in Sec. III. The
kinetic model is described in Sec. IV, while the model results
and its discussion are presented in Sec. V. The conclusions
are summarized in Sec. VI.

Il. EXPERIMENTAL SET-UP

A schematic of the circuit used to generate and analyze
the atmospheric pressure low-current discharge is shown in
Fig. 1. The electrodes (both 20 mm in diameter, with flat
surfaces) were aligned vertically and supported in a variable
gap electrode holder in free air. The anode was fixed in
place, and the cathode (the lower grounded electrode) was
moved using a micrometer to change the inter-electrode

Variable autotransformer

Full-wave rectifier

HYV transformer

Ground l Shunt resistor

FIG. 1. Experimental set-up.
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spacing d. The gap length was regulated between 0.1 and
11 mm with an uncertainty of about *50 um. Commercial
copper was used as the electrodes material. Several repeat-
able and consistent measurements were obtained after clean-
ing and re-polishing the electrode surfaces.

The ac power supply was a high-voltage transformer
(25kV, 100 mA, and 50 Hz) with a high-dispersion reactance
(75 £0.5) kQ connected to a variable autotransformer to
control the discharge current. Since the high-impedance of
the transformer provided an intrinsic current limitation, the
use of external ballasts was not necessary. The output of the
transformer was connected to a semiconductor full-wave rec-
tifier to define the polarity of the electrodes. The discharge
current was inferred from the measurement of the voltage
drop across a shunt resistor (100 €) connected in series with
the discharge, while the discharge voltage was measured by
using a high-impedance voltage probe (Tektronix P6015A,
1000X, 3pf, 100 MQ). Both electrical signals were simulta-
neously registered by using a 4-channel oscilloscope
(Tektronix TDS 2004C with a sampling rate of 1 GS/s and
an analogical bandwidth of 70 MHz).

Photographs of the plasma discharge were also taken
using a charge-coupled device Lumenera digital camera with
a spatial resolution of 640 x 480 pixels.

lll. EXPERIMENTAL DATA
A. Current-voltage characteristic curves

Several voltage and current waveforms were taken for
different electrode spacing. Typical signals of current (/) and
voltage (V) for a 100mA peak current and d=5mm are
shown in Fig. 2. The discharge is spontaneously ignited by a
streamer-to-spark high-voltage transition but immediately af-
ter the breakdown the voltage drops to several hundred volts
and a stable discharge was sustained. As seen in Fig. 2 the
discharge current waveform oscillates with a frequency of
100Hz, almost independent of the arc voltage evolution,
because the discharge current is controlled by the trans-
former impedance. The voltage signal also has a frequency
of 100 Hz, with large spikes at the beginning of each cycle
(due to the quenching and re-ignition of the discharge).

1004 d=5mm

EVAYAY.

0 5 0 5 10
time [ms]

FIG. 2. Typical current and voltage waveforms of the discharge for
d=>5mm and 100 mA peak current.
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Aside from the spikes, the voltage decreases (increases)
when the current increases (decreases). This behavior results
in a negative slope in the voltage-current characteristic of the
discharge. A similar behavior was observed by other
researches with intermediate-current discharges.”'

The arc voltage as a function of the discharge length for
different discharge currents is shown in Fig. 3. As it can be
seen, for discharge lengths lower than 1 mm the curves are
coincident (within the experimental uncertainty); indicating
that for d < 1 mm the voltage becomes independent of the
discharge current. The electric field strength (E) in the dis-
charge, as given by the slope of the voltage-length curve,
varies gently, reaching a constant value as the discharge
length increases. This constant value is current-dependent,
and varies from 75 = 15 V/mm for 50mA to 17 =3 V/mm
for 200mA. A good agreement exists between these inferred
electric fields values and those published by others authors
in high-pressure intermediate current discharges.*

The derived voltage-current characteristic curves for
fixed discharge lengths are shown in Figs. 4 and 5. For
d=400 um a remarkable constant value of the discharge
voltage of Vc =360 = 40V was measured for currents from
50 to 200mA. This voltage drop value is in good agreement
with the cathode fall measured by Machala ef al.'* in a simi-
lar discharge and also coincides with the published value for
the normal cathode fall (370V) in a low-pressure glow dis-
charge in air with a copper cathode.'

For larger inter-electrode lengths, the discharge voltage
falls as the current increases resulting in a negative slope in
the voltage-current characteristic of the discharge. As an
example, a characteristic curve for d=5mm (with the cath-
ode fall value subtracted from the discharge voltage) is
shown in Fig. 5.

B. Current density measurements

A well-defined discharge “fingerprint” which was usu-
ally circular and consisted of a central area of clean metal
surrounded by a black ring was observed at the cathode sur-
face after each discharge running. The diameter of the area

VIV gL @3 £9)V mm"
1000 Q7+5Vmm’ )
(17+3)Vmm"
800+
600 R S S
@/,:: :—"Y .
l/;;%:‘ Y
400+ -
g§@ --0--50 mA --O0--100 mA
| --A--150 mA --v--200 mA
200 —— e ————

0o 2 4 6 8 10
d [mm]

FIG. 3. Voltage-length curve of the discharge.
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VIV, V. = (360 £ 40) V

400+ .L +
e

300-

200-

100-

d = 400 ym
O T T T T T T

50 100 150 200

I [mA]

FIG. 4. Voltage-current characteristic curve for d =400 um.

of this clean copper “spot” was dependent on the discharge
current, and was measured within an error of +0.1 mm. By
assuming that the current flows in this region, the mean cur-
rent density at the cathode surface was determined. Similar
spots “fingerprint” were reported in an atmospheric pressure
glow discharge in air with copper cathode.?* The results of
the measurements of the mean current density at the cathode
are given in Fig. 6.

As it can be seen from Fig. 6, the “fingerprint” size of
the discharge at the cathode surface depends linearly on the
discharge current. This linearity indicates that the mean cur-
rent density at the cathode is almost constant, as it is in the
case of a normal glow discharge. The cathode current density
(Jc) determined from the fit line slope (dashed line in Fig. 6)
resulted 11 = 1 A/cm?. This value is larger than that corre-
sponding to a normal glow but smaller than that of an arc.
Similar values of the cathode current density were reported
in high-pressure intermediate current glow discharges.*?

For several different electrode spacing and discharge
currents, discharge images were taken. For comparative

l d=5mm
|

240+ N

VV]
320-

280+

200+

160 T T T T T T T T T T l !
100 120 140 160 180 200
I [mA]

FIG. 5. Voltage-current characteristic curve for d =5 mm.
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100+ —o—
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Cathode spot area [cm’]

FIG. 6. Mean current density at the cathode.

purposes, all of the images were taken with an exposure time
of 1/200s (shorter exposure times where not possible
because of poor camera sensitivity for the low-current dis-
charges). According to the magnification of the employed
optical system, the spatial resolution at the image plane was
about 0.014 mm (70 pixels corresponded to 1 mm). A typical
image for 100 and 150 mA and for d = 1 mm is shown in Fig.
7. The cathode (lower electrode) presents a large and bright
spot, above which there is a dark space. After the dark space
in the upper direction, there is a column which terminates at
the anode in a small bright spot. Surrounding the column and
the dark space there is a diffuse region with tenuous luminos-
ity (the bright regions at the top and the bottom of the photo-
graphs are reflection of the discharge light on the electrodes).
This visible pattern resembles the typical visible emissive
structure of a low-pressure glow discharge;' thus suggesting
a similar glow-like electric field distribution in the discharge.
Gambling and Edels, operating at similar current levels,?
registered also a diffuse region surrounding the column and
the dark space. However, at lower currents (~1 to 10 mA) no
surrounding diffuse region was observed.'?

Images such as those shown in Fig. 7 were used to esti-
mate the diameter of the current-carrying region of the dis-
charge at the anode vicinities. As the time-scale of the
discharge current (1/100s) was of the order of the images

FIG. 7. Image of the discharge for d =1 mm: (a) 100 mA, (b) 150 mA.
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exposure time (1/200s); a large number of images (~100)
were registered for every single discharge current and inter-
electrode spacing. From this large group of images, only the
brightest images that correspond to the passage of the dis-
charge current by its peak value were selected and analyzed
(having a similar pixel intensity distribution). It has been
shown?® that the diameter of the radiating region in low-
current high-pressure discharges in air is about twice smaller
than the size of the current-carrying region, due to strong de-
pendence of the rate constant of excitation of the dominant
N, radiating state on the reduced electric field. Hence, the di-
ameter of the current-carrying region at the anode region of
the discharge was defined as the width of the diffuse region
around the central column. Employing the previously
selected brightest image group (for every peak current value
and inter-electrode spacing), the discharge widths were aver-
aged. The resulting spreading error was about *7 pixels
(representing about *=0.1 mm). Using the discharge current
peak value and the calculated area with the above described
procedure, the mean current density of the discharge (/) was
then calculated, and it is shown in Fig. 8 as a function of the
peak discharge current.

As it can be seen from Fig. 8, for currents of 50 and
100 mA, the mean current density of the discharge at the an-
ode side coincides (within the experimental uncertainty)
with the value of the current density at the cathode. This is
also true in low-pressure glow discharges if the discharge di-
ameter is not greater than the discharge length.' The current-
carrying diameter was 0.9 = 0.1 and 1.2 = 0.1 mm for 50 and
100 mA, respectively. For larger currents, the diameter of the
current-carrying region remained constant (to a value of
1.2 = 0.1 mm) and hence the current density increased line-
arly with the discharge current. These values are consistent
with those that will be presented later obtained by determin-
ing the radius where the gas cooling (by radial thermal con-
duction) and electron impact heating of the gas balance each
other.

;/V\chI

201

10—+ _______ ?”'

O T T T
50 100

I [mA]

150 200

FIG. 8. Mean current density of the discharge at the anode region.
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IV. KINETIC MODEL

In order to obtain an interpretation of the measurements,
a numerical model of a stationary low-current discharge in
atmospheric pressure air, taking into account non-
equilibrium effects, was carried out.

The kinetic scheme was analogous to that developed in
Refs. 23 and 24 for the simulation of low-current, atmos-
pheric-pressure discharges in air. The included reactions are
summarized in Table I. It included processes of electron-
impact ionization (1), dissociative ionization (2), electron-
ion recombination (3), electron attachment (4, 5), electron
detachment (6-8), ion-ion recombination (9), electron-
impact dissociation (10—11), ion conversion (12), and chemi-
cal reactions (13-22); including N5, O,, N, O, NO, NO™,
O™, Oy, and O5™ species and electrons. The used rate con-
stants are given in m” s~ ' for two-body processes and in m®
s~ ! for three-body processes, the temperatures T, and T, are
given in K, and the reduced electric field E/n is in Td
=107 vmd).

The balance equations (evaluated in a local approxima-
tion)24 were solved for the densities of N, O, NO, O, O,,
O3 and electrons. The density of positive ions was obtained
from the condition of charge conservation, the density of N,

TABLE I. List of reactions.

Phys. Plasmas 22, 023504 (2015)

was calculated by the condition of conservation of N and O
nuclei (the air was assumed as the mixture N»:0O, =4:1); and
the density of O, was obtained from the condition that the
total pressure was equal to the atmospheric one. The T, and
electron drift velocity (V) dependences on the reduced elec-
tric field were obtained by solving the Boltzmann kinetic
equation with the help of the BOLSIG software package,”’
the corresponding cross sections being taken from Ref. 28.
The plasma composition and the electron and gas tempera-
tures were calculated from the condition that the discharge
current density and the electric field values were equal to the
experimentally inferred values. Note that the model output
gives averaged values of the variables over the current-
carrying area of the discharge.

V. RESULTS AND DISCUSSION

Since in atmospheric pressure discharges a noticeable
difference between the vibrational temperature of the N,
molecules and T, takes place only at currents lower than
10mA,'*#* T, was set equal to T, during the calculations.

In Fig. 9, the obtained values of the electron and gas
temperature of the discharge versus the discharge current are
shown. A pronounced difference between the T, and T,

Number j Reaction Rate constant k; Reference
1 e+NO —e+e+NO" 5.0 x 107" exp[—460/(E/n)] exp[6.5 x 10% exp[—3366/T,1/(E/n)*] 24
2 N+0—e+NO" 2.5 x 1072 T,"* exp[—31228/T,] 24
3 NO*+e—N+0 2.63 x 1075 T, exp[—31228/T,] (To/To)"? (1—exp[—2670/T,]) exp[—75 465/T,l/exp[—1.1x10*/T,] 24
4 e+0,+0,— 0, +0, 4.2 % 107/T, exp[—604/T] exp[697 (Te—T)/T/T) 24
5 e+0,—-0 +0 6.7 x 107" exp[—1.05|5.3—In(E/n)|’*] (E/n)** exp[6.5x 107 exp[—3366/T,1/(E/n)*] 24
6 0, +0,—=e+0,+0, 8.6 x 107'° (1—exp[—1570/T]) exp[—6030/T,] 24
7 0 +0—-e+0, 5% 107'° 24
8 037 +40—e+0,4+0, 3x 10710 24
9 X +Y " TX+Y 1.0 x 107%/T,"3 24
10 e+N,—~e+N+N 5.0 x 10" exp[—646/(E/n)] exp[6.5 x 10 exp[—3366/T,1/(E/n)*] 24
11 e+0,—-e¢e+0+0 1.7 x 10" exp[—324/(E/n)] exp[6.5 x 10° exp[—3366/T,1/(E/n)*] 24
12 O +0,+M—0; +M 3.3 x 10747, 25
M=N,, 0,
13 N,+M—=N+N+M
M =N,, 0,, NO 5 x 107" exp[—113 200/T,] (1—exp[—3354/T]) 26
M=0 1.1x 10" exp[—113200/T,] (1—exp[—3354/T]) 26
14 N+N+M—N,+M 8.27x107* exp[500/T,] 26
15 0,+M—=0+0+M
M =0, 3.7x 10~ exp[—59 380/T] (1 —exp[—2240/T]) 26
M=0 1.3%107"% exp[—59 380/T] (1—exp[—2240/T]) 26
M =N,,NO 9.3%x10 " exp[—59 380/, (1—exp[—2240/T,]) 26
16 0+0+M—0,+M
M=N, 2.76x 107 exp[720/T,] 26
M=0, 2.45x10° 91,29 26
M=0 8.8x10~4/1,%% 26
17 NO+M—=N+O0+M
M=N,, 0, 8.7x10™ " exp[—76 000/T] 26
M=0,NO 1.7x10™ " exp[—76 000/T,] 26
18 N+0+M—=NO+M 1.76x10~ /1% 26
19 N +NO — O +N, 1.02x107 ¥ 7,%° 24
20 O +N, - N +NO 4x107"8 7,2 (1—exp[—3367/T,]) exp[—113778/T1/(1—exp[—2670/T])/exp[—75465/T,] 24
21 N +0,— 0 +NO 1.03x107° T, exp[—3135/T,] 24
22 O+NO—=N+0,  2.1x10 > T, exp[—3135/T,] (1—exp[—2670/T,]) exp[—75465/T,1)/ (1—exp[—2322/T, 1)/ exp[—59211/T,] 24
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T, T, [kK]

5_
4]
50 100 150 200
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FIG. 9. Discharge electron and gas temperature versus the discharge current.

values is observed within the whole current range. As it can
be seen, as the discharge current increases the electron tem-
perature decreases, while the gas temperature increases (with
rather high values, above 4000 K); consequently, the plasma
non-equilibrium degree decreases. Both temperatures values
show good agreement with published simulations of low-
current, atmospheric-pressure discharges in air.>* A rise in
the gas temperature in air leads to the production of compo-
nents such as NO, O, and N (shown in Fig. 10), which are
usually absent in low-current glows. On the other hand, the
reactions producing O, N, and NO are balanced by their
inverse reactions (reactions (21) and (22) of Table I) in a sort
of detailed balance. Since the rate constants in reactions
(21)—~(22) depend only on T, the densities of O, N, and NO
reach equilibrium values which are determined by the gas
temperature.

In Fig. 11, the number densities of the ions of the dis-
charge versus the discharge current are shown. The presence
of NO™ ions is favored by the formation of NO because of
its low ionization energy (=9.25eV). The concentration of
negative oxygen ions due to electron attachment is negligible
as compared with those of NO" (and hence negligible as
compared with the electron number density). This means

1024 .
[nfﬁz = Eﬂ » x
1023_:
—— L, NO
1022_:
E N
102"
10%° - : . . : :
50 100 150 200
I [mA]

FIG. 10. O, N, and NO number densities versus the discharge current.
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1019.1___._—-—]——- NO* "

0
; o

10132 L]

10111;"\ 03
50 100 150 200

I [mA]

FIG. 11. Number densities of the ions of the discharge versus the discharge
current.

that attachment does not play any significant role in this
discharge.

Figure 12 shows the rates of electron production and
loss via different mechanisms versus the discharge current. It
is observed that the dominant process of production of elec-
trons is the associative ionization as a consequence of the
high gas temperature (T, > 4000 K) within almost the whole
current range. The production of electrons is determined by
the value of the gas temperature and does not depend on the
electron temperature. Note also that the ionization process is
balanced by the reverse process (marked with a dashed line
in Fig. 12), namely, dissociative recombination. With a
decrease in the current (to values lower than 50mA, not
shown in Fig. 12) the reduced electric field increases, reach-
ing a value at which the rate of ionization of gas particles by
electron impact exceeds the rate of associative ionization.

The kinetic model shown that the discharge is mainly
controlled by reactions (2) and (3) of Table I; that is, the

dN /dt [m™/ .
Jatim/s] e+NO" 5>N+0

N+O>NO +e

1021

e e+NO >e+e+NO

1017

1015 T T T T T T
50 100 150 200

I [mA]

FIG. 12. Rates of electron production and loss via different mechanisms ver-
sus the discharge current.
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value of the electron number density (N.) can be determined
from the simplified balance equation

ka No Nx = k3 N2, )]

(No and Ny are the number densities of O and N; respec-
tively). It is significant that only k3 depends on the electron
temperature T, =T.(E/n). As quoted before, under the con-
sidered conditions N and Ny are mainly controlled by the
reactions (21) and (22) of Table I, which solely depend on
T,. Since k; is only a function of T, as well, it follows from
Eq. (1) that &5 Ne2 must be independent of T.(E/n). Hence,
the right hand side of Eq. (1) can be written as

k3 (To)NZ(Te) = ks (Te = T,) N2 (Te = Ty),  (2)

where N X(T. = T,) is the local thermal equilibrium value of
the electron number density in atmospheric pressure air.
Then the electron density in the discharge can be estimated
as

ks (T)
k3 (Te)

N, (T.) = ( )0‘51\/e (T). 3)

Using Eq. (3), the current density in the discharge is
given by

0.5
J=eV,(E/n) (%) Ne (Ty). )

Equation (4) allows the reduced field E/n to be calculated as
a function of T, and the experimentally inferred value of J
for each current. The value of N.(T,=T,) for atmospheric-
pressure air was obtained from Ref. 29. The results of this
procedure are shown in Fig. 13.

As it can be seen from Fig. 13, a good agreement
between the E/n values obtained from this simplified balance
equation and from the experiment is achieved. The negative
slope of the characteristic curve of the discharge can be
understood because the value of the reduced electric field
decreases as the discharge current increases since the asso-
ciative ionization during collisions between O and N atoms

50-
Eln [Td]
404

—=&— From the experiment
- -® - From the simplified

30+ N balance equation
20+
10+
50 100 150 200

I [mA]

FIG. 13. Discharge reduced electric field versus the discharge current.
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dominates over electron-impact ionization (as a consequence
of the high gas temperature, T, > 4000 K).

Low-current (~1 to 10mA) atmospheric pressure glow
discharges are stabilized by heat removal due to the neutral
particles diffusion.”'” For higher currents, however, the
neutral particles diffusion will be progressively replaced
with heat conduction as T, grows. To show this, consider the
heat removal frequency due to neutral particles diffusion
from a cylindrical volume of radius R: vp=D/Ap’> (where
Ap=R/2.4 is the characteristic diffusion length and D is
the diffusion coefficient, which is proportional to the mean-
free-path and the molecular speed and thus has a Tg3/2/p
dependence, being p the pressure).' For the same cylindrical
volume, the heat removal frequency by thermal conduction
is vr=y/Ar> (wWhere %= Al(ncyy) is the thermometric con-
ductivity, being A the thermal conductivity by heavy par-
ticles (including the reactive component), ¢, the specific
heat at constant pressure per molecule and At ~ R/2.8 the
averaged characteristic diffusion length).' The corresponding
ratio vr/vp = 1.4//(ncpD) varies from about 4 for / =50 mA
to about 20 for 200 mA, suggesting the progressively grow-
ing importance of heat conduction as / increases. In the
quoted estimations, the heavy particles thermal conductivity
for N, was obtained from Ref. 30, and the specific heat at
constant pressure per molecule for high-temperature air was
obtained from Ref. 2. D was taken as 1.47 x 10> m?/s for
N, in atmospheric pressure air.'> Concerning the gas heating
mechanism, the heating frequency for a single neutral is the
electron—neutral heating collision frequency, which in turn is
the electron density N, times the rate constant for vibrational
excitation of the neutral, kep:Vheating = Ne ken. For molecular
gases like air the vibrational excitation of the molecule is the
fastest mode of energy transfer between the electrons and
neutrals.'” By equating the heating and the thermal conduc-
tion cooling frequencies, an estimation for the radius of a
stable discharge can be obtained. Calculations have been
performed for discharges corresponding to four currents: 50,
100, 150, and 200 mA. The rate constants for vibrational
excitation of N, were obtained from the BOLSIG code. The
calculated radii for a stable discharge were 0.9, 1.5, 1.5, and
1.4mm for 50, 100, 150, and 200 mA; respectively. Note
that these values are rather close to the measured discharge
radius: (0.9 £ 0.1) mm for S0 mA and (1.2 = 0.1) mm for the
larger currents. It can be seen that there is no simple correla-
tion (neither experimental nor theoretical) between the
discharge radius and the current value. A similar behavior
for the discharge radius was reported in Ref. 24 through a
numerical simulation of a similar low-current heat
conduction-stabilized discharge. These results suggest that
this discharge regime is stabilized by heat conduction.

The theoretical basis of the normal current density in
low-pressure glow discharges states that the current density
scale with pressure should only be a function of the dis-
charge gas type, cathode material and gas pressure. This
theory assumes that the gas is at room temperature
(=293 K). For air and a copper cathode at room temperature,
the normal current density scaling is J,/p”> =240 uA/cm?/
Torr.! However, for variable gas temperatures as high as
4000K, the current density should be scaled with the gas
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density (rather than the pressure); as Joc=J, p2 (293/Tg)2.
The calculation of Jc for T,=4000K gives 0.74 A/cmz,
which is one order of magnitude lower than the experimen-
tally inferred value of the cathode current density
(=11 * 1 A/em?). However, it should be noted that the laws
of similarity of the normal glow theory are only correct if the
ionization processes in the discharge is controlled by direct
electron impact' (which is true at low-gas temperatures in
air); but not in this case due to the rather-high gas tempera-
ture (as shown Fig. 12).

VI. CONCLUSIONS

A Low-frequency (100 Hz), intermediate current (50 to
200mA) glow discharge was experimentally investigated in
atmospheric pressure air between copper blunt electrodes. A
kinetic model for describing the ionization processes in the
discharge was also carried out. The results have shown that:

(1) The visible emissive structure of the discharge resembles
to that of a typical low-pressure glow thus suggesting a
glow-like electric field distribution in the discharge.

(2) The discharge corresponds to a non-equilibrium plasma
with rather high gas temperatures (above 4000 K).

(3) The high gas temperature leads to the production of com-
ponents such as NO, O, and N (which are usually absent
in low-current glows) which causes that the ionization
by electron-impact will be replaced by associative ioni-
zation, being this last process independent of the reduced
electric field. This leads to a negative current-voltage
characteristic curve a priori unexpected for a common
glow.

(4) Several estimations show that the discharge seems to be
stabilized by heat conduction.

All the quoted results indicate that although this dis-
charge regime might be considered to be close to an arc, it is
still a glow discharge as demonstrated by its overall proper-
ties, supported also by the presence of thermal non-
equilibrium.
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