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1. INTRODUCTION

DC glow discharges are widely used to produce thin
polymer and oxide films, clean material surfaces, and
pump gas-discharge lasers. Glow discharges are also
used in plasma display panels and gas-discharge
switches, which are key elements in radio-electronic
and electrotechnical devices. Therefore, studies of the
breakdown conditions, discharge regimes, and struc-
ture of a glow discharge are of considerable interest.

As is known [1–7], dc glow discharges can occur in
both normal and abnormal regimes. In the abnormal
regime, the entire cathode is occupied by the discharge.
In this case, the increase in the discharge current 

 

I

 

dc

 

 is
accompanied by an increase in both the voltage drop 

 

U

 

c

 

across the cathode sheath and the discharge voltage

 

U

 

dc

 

, as well as a decrease in the cathode sheath length

 

d

 

c

 

. Such behavior of the cathode voltage drop is
observed for 

 

U

 

c

 

 values higher than the so-called normal
cathode voltage drop, which depends on the type of gas
and cathode material. The normal regime of a glow dis-
charge is characterized by the conditions 

 

U

 

c

 

 = 

 

U

 

n

 

 and

 

pd

 

c

 

 = 

 

pd

 

n

 

. In this regime, only part of the cathode sur-
face may be occupied by the discharge. As the dis-
charge current decreases, the cathode voltage drop 

 

U

 

c

 

and the cathode-sheath length 

 

d

 

c

 

 remain constant,
whereas the cathode area 

 

S

 

 occupied by the discharge
decreases, so that the current density 

 

j

 

 = 

 

I

 

dc

 

/

 

S

 

 does not
change. In [8, 9], it is asserted that, at pressure values
lying to the left of the minimum of the breakdown
curve 

 

pL

 

 < (

 

pL

 

)

 

min

 

, where 

 

p

 

 is the gas pressure and 

 

L

 

 is
the distance between the electrodes, a glow discharge

can occur only in the abnormal regime, whereas the
normal regime is observed for 

 

pL

 

 

 

≥

 

 (

 

pL

 

)

 

min

 

.

Experiments [1, 2, 10–13] were largely conducted
in long (

 

L

 

 ~ 50

 

 cm) and narrow (~2–3 cm in diameter)
discharge tubes. However, technological plasma
devices often use discharge chambers in which the
cathode diameter is much larger than the distance
between the cathode and anode (below, such discharge
chambers will be referred to as large-diameter tubes).
Hence, it is of interest to clarify the properties of a glow
discharge in large-diameter discharge tubes.

In this study, we measured the breakdown curves
and 

 

I–V

 

 characteristics of a glow discharge in air in
large-diameter discharge tubes. The axial profiles of the
plasma density, electron temperature, and plasma
potential, as well as the cathode and anode voltage
drops, were measured using the probe technique. It is
shown that the normal discharge regime occurs at pres-
sure values lying to the right of the inflection point in
the breakdown curve. The normal regime of a discharge
in air is accompanied by ionization in the anode sheath;
in the absence of such ionization, the abnormal regime
of a glow discharge takes place.

2. EXPERIMENTAL TECHNIQUES

Experiments were carried out at air pressures of 

 

p

 

 =
10

 

–2

 

–10

 

 torr, in the range of dc voltages 

 

U

 

dc

 

 

 

≤

 

 1000

 

 V
and discharge currents 

 

I

 

dc

 

 

 

≤

 

 100

 

 mA. A duralumin cath-
ode was at the potential of a dc voltage source. A
1.5-k

 

Ω

 

 resistor was connected in series to the discharge
circuit between the cathode and the dc voltage source.
A stainless-steel anode was grounded.
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Fragments of a quartz tube 100 mm in diameter
were inserted and sealed between the cathode and
anode. The use of a set of such quartz tubes of different
lengths allowed us to discretely vary the distance
between the cathode and anode within the range 

 

L

 

 =
11–54 mm. The outer cathode and anode diameters
were equal to 160 mm; i.e., they were larger than the
inner discharge-tube diameter. Such a design of the dis-
charge chamber allowed us to create a highly uniform
electric field in a vacuum (in the absence of a dis-
charge), thereby eliminating the edge effects during gas
breakdown and measurements of the breakdown curves
of a glow discharge.

The plasma parameters (electron temperature 

 

T

 

e

 

,
plasma density 

 

n

 

i

 

, and plasma potential 

 

ϕ

 

pl

 

) were mea-
sured with the help of single cylindrical nichrome
probes 5 mm in length and 0.18 mm in diameter. In the
pressure range under investigation, all three (collision-
less, transition, and collisional) regimes of probe oper-
ation can occur: at different pressures, the gas ions pass
through the probe sheath either without colliding with
gas molecules (at low pressures of 

 

p

 

 

 

≤

 

 

 

0.05

 

 torr) or col-
liding several times (at intermediate pressures) or fre-
quently (at 

 

p

 

 > 1 torr) with neutrals. For this reason, the
plasma density 

 

n

 

i

 

 was determined from the ion branch
of the probe 

 

I–V

 

 characteristic and from the measured
values of the electron temperature 

 

T

 

e

 

 using the proce-
dure described in [14, 15]. The plasma potential 

 

ϕ

 

pl

 

 was
derived from the zero of the second derivative of the
probe current with respect to the probe voltage and also
from measured values of the probe floating potential 

 

ϕ

 

f

 

and the electron temperature 

 

T

 

e

 

 using the formula 

 

ϕ

 

pl

 

 =

 

ϕ

 

f

 

 + 

 

CT

 

e

 

, where 

 

C

 

 is a constant depending on the type
of gas [6].

The electron temperature 

 

T

 

e

 

 was determined from
the linear regions in the probe 

 

I–V

 

 characteristic and in
the second derivative of the probe current with respect
to the probe voltage (plotted on the semilogarithmic
scale). The 

 

T

 

e

 

 values determined by these two methods
differed by no more than 10–20%. When measuring the
second derivative of the probe current with respect to

the voltage, 

 

d

 

2

 

I

 

pr

 

/

 

d

 

, we used the second-harmonic
method: the probe current was modulated with a low-
frequency (

 

f

 

lf

 

 ~ 1–3

 

 kHz) voltage, and a signal at a fre-
quency of 

 

2

 

f

 

lf

 

 was detected. Since, in the pressure range
under study, electrons collide with gas molecules near
the probe, the method of determining 

 

T

 

e

 

 from the slope
of the 

 

I–V

 

 characteristic can give an overestimated
value of the electron temperature. However, as was
shown in [6, 16], the electron temperature in the colli-
sional regime can be determined from the slope of the
linear region in the 

 

I–V

 

 characteristic (plotted on the
semilogarithmic scale) near the probe floating potential
[17], rather than near the plasma potential. In our
experiments, the method for determining 

 

T

 

e

 

 proposed
in [17] was used for the entire pressure range under
study. The electron temperature determined in this way

U pr
2

 

was usually 2–3 times lower than the 

 

T

 

e

 

 determined
from the slope of the linear region in the probe 

 

I–V

 

characteristic near the plasma potential.

3. ANALYSIS OF EXPERIMENTAL RESULTS

 

3.1. Conditions for the Normal Regime
of a Glow Discharge

 

In this section, we present results from studies of the
relation between the breakdown curves and the 

 

I–V

 

characteristic of a glow discharge. In particular, we
determine the lowest pressure for which the effect of
the normal current density can exist.
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Fig. 1.

 

 (a) Breakdown curves of a glow discharge in air:
(

 

1) L = 11, (2) L = 54 mm, (3) experiment [19], and (4) expe-
riment [16]; (b) (1) breakdown curve of a glow discharge
and (2) dependence of the minimum value of the cathode
voltage drop on the air pressure for L = 32 mm.
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Figure 1 shows the breakdown curves of a glow dis-
charge in air, Udc(pL), measured by us for different dis-
tances L between the cathode and anode. It is seen from
the figure that, as L increases, the minimum of the
breakdown curve shifts toward higher values of the
product pL. For example, for L = 1.1 cm, we have pmin ≈
0.55 torr and (pL)min ≈ 0.61 torr cm; for L = 5.4 cm, we
have pmin ≈ 0.12 torr and (pL)min ≈ 0.65 torr cm. At the
same time, the breakdown voltage Udc increases over
the entire range of pL as the distance L between the
cathode and anode increases. Thus, for pL = 0.6 torr cm
(near the minimums of the breakdown curves), a glow
discharge arises at Udc = 334 V for L = 1.1 cm and Udc =
360 V for L = 5.4 cm. The same dependence Udc(L) at
pL = const was observed for other pL values. Hence, an
increase in L leads to the shift of the breakdown curves
toward higher values of both pL and the breakdown
voltage Udc . An increase in the breakdown voltage
Udc(pL) was also indicated in [18, 19]. Such a deviation
from the Paschen law can be attributed to the fact that
the loss of charge particles due to diffusion toward the
side walls of the discharge tube increases as the dis-
tance between the cathode and anode increases. A the-
oretical description of this effect is given in [20, 21].

Figure 1a also demonstrates the breakdown curves
obtained by other authors [22, 23]. Note that curves 3
and 4 in Fig. 1a were obtained by averaging many
experimental breakdown curves for different values of
the interelectrode distance and the discharge-tube
diameter. It is seen from the figure that our breakdown
curves agree satisfactorily with the results of [22, 23].

Now, we specify the values of pL at which different
structural components of a glow discharge are
observed. At pL < (pL)min and over the entire range of
Udc, the glow discharge consists of a cathode sheath and
a negative glow. At low values of Udc, the cathode
sheath occupies almost the entire discharge gap and the
negative glow is adjacent to the anode. As Udc

increases, the length of the cathode sheath decreases,
whereas almost the entire remaining part of the dis-
charge gap becomes occupied by the negative glow. In
this range of pL, the anode sheath is almost invisible,
especially at higher values of the applied voltage Udc .

At pL ≈ (pL)min and low values of Udc, a Faraday
dark space appears; however, at a higher Udc, the Fara-
day dark space disappears and the glow discharge again
consists of the cathode sheath and the negative glow.

For (pL)inf = e(pL)min (where e is the base of the nat-
ural logarithm), the Townsend breakdown criterion pre-
dicts the occurrence of an inflection point in the break-
down curve of a glow discharge [6, 20, 23]. Experimen-
tally, such a point is sometimes absent in the
breakdown curve. At pL ≥ (pL)inf, the glow discharge
includes not only the cathode sheath, the negative glow,
and the Faraday dark space, but also the anode sheath
with the anode glow.
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Fig. 2. I–V characteristics of a glow discharge for (a) L =
11 mm at p = (1) 0.1, (2) 0.15, (3) 0.2, (4) 0.4, (5) 0.6, (6) 1,
(7) 1.5, and (8) 2 torr; (b) for L = 32 mm at p = (1) 0.06,
(2) 0.1, (3) 0.15, (4) 0.2, (5) 0.4, (6) 0.6, (7) 1, and (8) 2 torr;
and (c) for L = 54 mm at p = (1) 0.04, (2) 0.1, (3) 0.15,
(4) 0.2, (5) 0.3, (6) 0.6, (7) 1.25, and (8) 2 torr.
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At pL > 50 torr cm (i.e., at pL @ (pL)min), a positive
column arises. No inflection points are observed on the
breakdown curve in this case.

Figure 2 shows the I–V characteristics of a glow dis-
charge, Idc = f(Udc), for different distances L between
the cathode and anode. It is seen from Fig. 2a that, for
a short interelectrode distance (L = 1.1 cm), the dis-
charge current is relatively high (Idc ≥ 5 mA) even at
low gas pressures. At the minimum applied voltage Udc,
the discharge only partially occupies the cathode and
anode surfaces. As Udc increases, the discharge current
Idc increases and the electrode area occupied by the dis-
charge increases rapidly until it occupies the entire
electrode surface. At low pressures (pL ≤ (pL)inf), the
effect of the normal current density is not observed
because the increase in the discharge current is always
accompanied by an increase in the discharge voltage.
For L = 1.1 cm, the effect of the normal current density
is observed at p ≈ 1.5 torr, i.e., (pL)n ≈ 1.65 torr cm.
Since, for this value of L, the minimum of the break-
down curve lies at (pL)min ≈ 0.61 torr cm, we obtain that
(pL)n ≈ 2.71 (pL)min.

If at pL ≥ (pL)inf, the discharge voltage is reduced
after breakdown, then the discharge is first observed to
occur in the abnormal regime and to uniformly occupy
the entire area of the electrodes. Then, the discharge
arrives at the normal regime, in which case it is located
near the dielectric side wall of the discharge tube,
whereas the discharge at the center of the cathode is
quenched. As the current Idc decreases, the discharge in
the normal regime first takes the shape of a torus. Then,
a break in the torus appears and the discharge takes the
shape of a toroidal segment. After this, the discharge is
quenched.

The I–V characteristics for long interelectrode dis-
tances L are shown in Figs. 2b and 2c. At low values of
the gas pressure and the voltage Udc, the discharge cur-
rent is low and, before quenching, the discharge occu-
pies the entire cross section of the discharge tube. For
L = 3.2 cm, the effect of the normal current density
appears at p ≈ 0.6 torr, i.e., (pL)n ≈ 3.2 (pL)min. As for L =
1.1 cm, for this distance, the normal discharge regime
is observed at a gas pressure such that an anode glow
(clearly visible and uniform over the entire anode sur-
face) arises near the anode. As the pressure increases,
the anode glow first appears near the wall of the dis-
charge tube; then, the glow expands over the anode sur-
face into the central region. When the anode glow at the
minimum discharge voltage uniformly covers the entire
anode surface, the effect of the normal current density
appears.

This result is very interesting. Before, it was com-
monly accepted that the processes occurring in the
cathode sheath are only important for the effect of the
normal current density; i.e., it is necessary that the volt-
age drop across the cathode sheath become equal to the
normal cathode voltage drop Uc = Un and the cathode-

sheath length be equal to the normal length dc = dn . At
the same time, little attention was given to the shape of
the discharge and the processes occurring in the entire
discharge gap, rather than only in the cathode sheath.

The anode glow appears when the voltage drop
across the anode sheath becomes close to the ionization
potential for neutral gas particles. Hence, it may be
concluded that the voltage drop across the anode sheath
becomes comparable with the ionization potential
when the effect of the normal current density takes
place in large-diameter discharge tubes; i.e., the gas
molecules in the anode sheath are ionized by electron
impact. A comparison of (pL)n values for L = 1.1 and
3.2 cm allows us to conclude that (pL)n ≈ (pL)inf; i.e., the
normal regime of a glow discharge can occur only
within the pressure range to the right of the inflection
point in the breakdown curve (at pL > (pL)inf).

Figure 2c shows the I–V characteristics of a dis-
charge at L = 5.4 cm. Qualitatively, they are similar to
the characteristics shown in Fig. 2b, but there are some
differences. For L = 5.4 cm, the anode glow appears at
p ≈ 0.3 torr, i.e., pL ≈ 1.62 torr cm (pL ≈ 2.5(pL)min).
The normal discharge regime appears at an air pressure
of p ≈ 1 torr (for pL ≈ 8.3 (pL)min); i.e., there is a sub-
stantial difference in pL between the appearance of the
anode glow and the effect of the normal current density.
However, as is the case for shorter distances L, the nor-
mal regime takes place only after a clearly visible
anode glow appears near the anode surface.

We also carried out a series of experiments in argon
and nitrogen and obtained the following results. For
argon at L = 1.1 cm, the anode glow and the effect of
the normal current density appear at pL ≈ (pL)n ≈
2.68(pL)min; for L = 2.2 cm, the anode glow is observed
at pL ≈ 2.72 (pL)min and the normal discharge regime
appears at (pL)n ≈ 2.8 (pL)min. For nitrogen at L =
1.1 cm, the anode glow and the effect of the normal cur-
rent density are observed starting from pL ≈ (pL)n ≈
2.73 (pL)min. For L = 2.2 cm, we have pL ≈ 2.7 (pL)min for
the appearance of the anode glow and (pL)n ≈
2.75(pL)min for the appearance of the normal discharge
regime. For L = 3.3 cm, the anode glow is observed
starting from pL ≈ 2.69 (pL)min and the effect of the nor-
mal current density appears at (pL)n ≈ 2.85 (pL)min. This
allows us to conclude that, over the entire range of the
interelectrode distances L under investigation, the
anode glow in different gases appears at pL ≈ (pL)inf,
i.e., at the inflection point in the breakdown curve of a
glow discharge. With short interelectrode distances
L ≤ 3 cm, the normal discharge regime is observed at
(pL)n ≥ (pL)inf, whereas for large values of L, the effect
of the normal current density exists only at (pL)n >
(pL)inf. As the distance L increases, the ratio
(pL)n/(pL)inf also increases.
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3.2. Characteristics of the Cathode Sheath

The processes occurring in the cathode sheath play
a decisive role in sustaining a glow discharge. There-
fore, it is not surprising that, in studying a glow dis-
charge, much attention is frequently paid to the charac-
teristics of the cathode sheath (see, e.g., [3, 7, 24–31]).
We also measured such important characteristics as the
cathode voltage drop Uc (i.e., the voltage drop across
the cathode sheath) and the cathode-sheath length dc .

The voltage drop across the cathode sheath was
determined by measuring the plasma potential ϕpl with
respect to the anode with the help of a cylindrical probe
positioned parallel to the cathode surface at the visible
boundary of the sheath. In this case, the cathode voltage
drop Uc is equal to the difference between the applied
voltage Udc and the plasma potential; i.e., Uc = Udc –
ϕpl . All of the probe measurements were made for the
interelectrode distance L = 3.2 cm.

Figure 1b shows the dependence of a minimum
cathode voltage drop on the gas pressure p. By a mini-
mum cathode voltage drop, we mean the voltage drop
across the cathode sheath before quenching the dis-
charge. It is seen from the figure that, as the gas pres-
sure increases, the minimum cathode voltage drop
decreases, reaching the minimum value Uc = Un =
280 ± 2 V at p ~ 0.6 torr. As the pressure increases fur-
ther, this value remains almost unchanged and is equal
to the normal cathode voltage drop for the air–duralu-
min cathode system. From the same figure, it also fol-
lows that the cathode voltage drop reaches the mini-
mum value Un at pL = (pL)n, i.e., when the effect of the
normal current density takes place. For comparison, the

breakdown curve of a glow discharge is also shown in
Fig. 1b. It is easy to see that the cathode voltage drop
becomes equal to its “normal” value at pL > (pL)inf,
rather than at pL > (pL)min as was stated in [8, 9].

Figure 3 shows the dependence of the cathode-
sheath length dc on the applied voltage Udc for different
air pressures. It follows from the figure that, at low
pressures and low voltages Udc, the cathode-sheath
length is only slightly shorter than the interelectrode
distance L, whereas at sufficiently high pressures, it
covers only a small fraction of the discharge gap. The
cathode-sheath length decreases rapidly with increas-
ing applied voltage Udc.

Figure 4a shows the cathode voltage drop Uc for dif-
ferent values of the product pdc. It is seen from the fig-
ure that the product of the normal sheath length and air
pressure is pdn ≈ 0.3 torr cm. All the experimental points
fall reasonably well on one curve (which is analogous
to the left branch of the Paschen curve).

Figure 4b shows the ratio j/p2 as a function of the
cathode voltage drop Uc. It is seen from this figure that,
first, the minimum (normal) value of this ratio is equal
to ( j/p2)n ≈ 0.21 mA/cm2 torr2 and, second, all of the
measured values of j/p2(Uc) also fall on one curve.

For comparison, we present the results obtained by
other authors for air [1]: Un = 229 V for an aluminum
cathode and Un = 269 V for an iron cathode, (j/p2)n ≈
0.33 mA/cm2 torr2, and pdn ≈ 0.25 torr cm. These char-
acteristics of the normal regime of a glow discharge
coincide reasonably well with our results.

3.3. Axial Structure of a Glow Discharge

Here, we consider the axial profiles of the plasma
parameters (ion density, plasma potential, and electron
temperature) for two fixed values of the air pressure:
0.1 torr (the left branch of the breakdown curve) and
0.6 torr (the right branch of the breakdown curve, when
the effect of the normal current density takes place).
Note that the z-coordinate in all of the axial profiles is
measured from the anode; i.e., the anode is on the left
(at z = 0), and the cathode is on the right (at z = 3.2 cm).

Figure 5 shows the axial profiles of the positive-ion
density ni(z). For p = 0.1 torr, the glow discharge con-
sists of the cathode sheath, negative glow, and almost
invisible anode sheath. From Fig. 5a, it is seen that, at
low discharge voltages, the cathode sheath covers a sig-
nificant fraction of the discharge gap and the cathode-
sheath length decreases rapidly with increasing Udc.
Near the anode, the ion density begins to fall rapidly
starting from z ≈ 4–5 mm.

For p = 0.6 torr (Fig. 5b) and the minimum applied
voltage Udc = 300 V, the normal regime takes place and
the glow discharge consists of the cathode sheath (with
length dc ≤ 0.5 cm), negative glow, Faraday dark space,
and anode sheath with the anode glow. The length of
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Fig. 3. The cathode-sheath length as a function of the con-
stant voltage applied to the electrodes for L = 32 mm at p =
(1) 0.05, (2) 0.1, (3) 0.2, (4) 0.3, (5) 0.6, and (6) 1 torr.
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the anode glow is no more than 1–1.5 mm, and the
anode-sheath length is da ≈ 4 mm. As the applied volt-
age Udc increases, the plasma density increases mono-
tonically throughout the discharge gap and the negative
glow expands toward the anode. First, the Faraday dark
space disappears. When the boundary of the negative
glow reaches the anode sheath, the anode glow decays
and also disappears. The maximum plasma density is
observed near the boundary of the cathode sheath in the
negative glow of the discharge. At p = 0.1 torr, the
plasma density between the cathode and anode sheaths
varies slightly (by no more than 30% for the range of
voltages Udc under study), but at p = 0.6 torr, the plasma
density ni decreases from the cathode sheath to the
anode sheath by a factor of 7–10.

Figure 6 shows the axial profiles of the plasma
potential ϕpl(z). At the air pressure p = 0.1 torr, the
plasma potential with respect to the anode in the nega-
tive glow was no more than 2 V, while the remainder of

the voltage drop fell at the cathode sheath. The plasma
potential in the negative glow slightly increased with
applied voltage. In this case, the field in the anode
sheath was nearly equal to the field in the negative
glow. At p = 0.6 torr and low values of Udc, a significant
voltage drop (~10–12 V) was observed in the anode
sheath. In this case in the Faraday dark space together
with the negative glow, the voltage drop was no more
than 5–8 V. As the voltage Udc increased, the plasma
potential with respect to the anode decreased to low
values (~2–3 V) almost throughout the entire discharge
gap (except for the cathode sheath); at the same time, a
nearly constant plasma potential was observed in the
negative glow (i.e., the electric field in the negative
glow almost vanished).

Figure 7 shows the axial profiles of the electron tem-
perature Te(z). At p = 0.1 torr (Fig. 7a) and low voltages
Udc, the electron temperature near the anode reaches the
value Te ≈ 2 eV and decreases with distance from the
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Fig. 4. (a) The cathode voltage drop as a function of the
product pdc and (b) the ratio j/p2 as a function of the cathode
voltage drop for L = 32 mm.

Fig. 5. Axial profiles of the plasma density in a glow dis-
charge for L = 32 mm (a) at p = 0.1 torr and Udc = (1) 350,
(2) 400, (3) 500, (4) 600, and (5) 700 V and (b) at p = 0.6 torr
and Udc = (1) 300, (2) 325, (3) 350, (4) 375, (5) 400, and
(6) 425 V.
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anode. Near the boundary of the cathode sheath and in
the sheath itself, Te rapidly increases. At high discharge
voltages, the electron temperature is Te < 1 eV almost
throughout the entire discharge gap (except for the
cathode sheath) and it somewhat increases near the
anode.

At p = 0.6 torr (Fig. 7b) and low discharge voltages,
the electron temperature near the anode reaches the
value Te ≈ 6 eV, whereas at the boundary of the anode
sheath, it is Te ≈ 2–3 eV. In the Faraday dark space and
negative glow, the electron temperature is Te < 2 eV. As
the voltage Udc increases, the anode glow disappears
and the electron temperature in the anode sheath
decreases sharply. At high values of Udc, the electron
temperature in the anode sheath and negative glow var-

ies slightly with distance from the anode and is about
Te ≤ 1 eV.

We note that the sharp increase in the electron tem-
perature near the boundary of the cathode sheath was
also observed experimentally in [2, 32–35] and was
predicted theoretically in [26, 36, 37]. This is associ-
ated primarily with an increase in the electric field and,
as a result, with heating of electrons from the low-
energy part of the electron Maxwell distribution. Let us
estimate how rapidly the electrons that acquire a higher
temperature Te due to heating near the boundary of the
cathode sheath will lose energy as they move deep into
the negative glow. The mean free path of electrons in air
at p = 0.6 torr is nearly equal to λe ≈ 0.2 mm [6]. The

energy-relaxation length is equal to Λu ≈ 0.8λe/  [6],δ
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Fig. 6. Axial profiles of the plasma potential in a glow dis-
charge for L = 32 mm (a) at p = 0.1 torr and Udc = (1) 400,
(2) 500, (3) 600, and (4) 700 V and (b) at p = 0.6 torr and
Udc = (1) 300, (2) 350, (3) 400, and (4) 425 V.
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Fig. 7. Axial profiles of the electron temperature in a glow
discharge for L = 32 mm (a) at p = 0.1 torr and Udc = (1) 350,
(2) 400, (3) 500, (4) 600, and (5) 700 V and (b) at p = 0.6 torr
and Udc = (1) 300, (2) 325, (3) 350, (4) 400, and (5) 425 V.
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where δ is the fraction of energy lost by an electron in
a collision with a gas molecule. For a collision between
an electron with energy εe ≈ 4 eV and a nitrogen mole-
cule, we take δ ≈ 0.05 [38]. Then, we obtain Λu ≈
1.8 mm, which agrees with the results of our measure-
ments. Electrons with energies εe ≥ 6.2 eV can excite
the electronic levels of nitrogen molecules [6], which
increases δ and, in turn, decreases the energy-relax-
ation length for electrons.

Now, we consider the reason why the electron tem-
perature increases near the anode. As will be shown
below, the anode voltage drop at low air pressures is
small (Ua ≈ 1–2 V); consequently, near the anode sur-
face, the ratio of the electric field strength to the gas pres-
sure at p = 0.1 torr is no more than E/p = 30 V/(cm torr).
For this value of E/p, the electron temperature near the
anode can reach a value of Te = 2–3 eV [39] (which is
seen in Fig. 7a). For the air pressure p = 0.6 torr and
voltage Udc = 300 V, we obtain E/p = 200 V/(cm torr)
near the anode surface, which corresponds to an elec-
tron temperature of Te = 6–8 eV [39, 40] and agrees
with the results of our experiments. At a higher dis-
charge voltage Udc, when the fast electrons accelerated
in the cathode sheath reach the anode and the anode
glow disappears, the anode voltage drop sharply
decreases, which results in a decrease in E/p near the
anode surface and a decrease in the electron tempera-
ture in the anode sheath. The increase in the electron
temperature as the anode is approached was predicted
theoretically in [11, 41–43] and observed experimen-
tally in [11, 43].

3.4. Anode Voltage Drop

Figure 8 shows the measured voltage drop Ua across
the anode sheath. At low levels of air pressure, as the
voltage Udc increases, the anode voltage drop slightly
decreases, reaches its minimum, and then slightly
increases; its value is Ua ≤ 2–3 V. As the air pressure
increases, the anode voltage drop increases (at a fixed
value of Udc). With the appearance of the anode glow,
the voltage drop across the anode sheath sharply
increases: Ua ≥ 10 V. At the air pressure p = 0.6 torr, the
normal regime of a glow discharge is observed. In this
case, the anode voltage drop is Ua ≥ 12 V and the elec-
tron temperature at the boundary of the anode sheath is
Te ≈ 3 eV; therefore, a certain fraction of the electrons
moving toward the anode can acquire an energy that is
sufficient to ionize gas molecules (for nitrogen mole-
cules, the ionization energy is Ui = 15.6 eV; for oxygen
molecules, it is Ui = 12.2 eV).

The anode voltage drop decreases as the voltage Udc

increases. At Udc values such that the boundary of the
negative glow approaches the anode sheath, the anode
glow disappears and the anode voltage drop sharply
decreases to Ua ≈ 3–5 V and remains almost unchanged
as Udc further increases. The higher the air pressure, the

higher the voltage Udc at which the boundary of the
negative glow approaches the anode sheath. Once the
anode glow disappears, Ua falls abruptly.

In a glow discharge, the anode acts as a collector of
electrons that makes the electron current in the external
circuit equal to the total discharge current. As is seen
from Fig. 8, the value of the anode voltage drop
depends strongly on the anode position in the dis-
charge. If the anode is inside the negative glow or in the
adjacent region of the Faraday dark space, then the
anode voltage drop is small and increases slightly as the
gas pressure or the discharge voltage Udc increases. In
this region of the discharge gap, there is a significant
flux of fast electrons emitted from the cathode surface
and accelerated in the cathode sheath [26, 28]. In addi-
tion, the plasma density is maximum in the negative
glow (see Fig. 5 and also [1, 2]). Therefore, if the anode
is inside the negative glow, then it collects a high diffu-
sion electron current and a flow of fast electrons. These
two electron flows can reach the anode surface even at
relatively low values of the anode voltage drop (as is
seen in Fig. 8). This is what usually takes place at suf-
ficiently low gas pressure values lying near and to the
left of the minimum of the breakdown curve of a glow
discharge.

Another situation takes place when the anode lies
sufficiently deep in the Faraday dark space (on the
anode side of the Faraday dark space). In this region of
glow discharge, the diffusion electron current is low
(which is seen from Fig. 5). Most of the fast electrons
accelerated in the cathode sheath cannot penetrate into
this region of the discharge, because they lose a great
deal of energy in inelastic and elastic collisions with
gas molecules and are thermalized. In such a situation,
an additional ionization in the anode sheath is required
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Fig. 8. Dependence of the anode voltage drop on the dis-
charge voltage for L = 32 mm at air pressures p = (1) 0.05,
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to make the electron current in the external circuit equal
to the total discharge current. Hence, the anode voltage
drop should be comparable with the ionization poten-
tial of gas molecules by electron impact. In this case,
the anode glow is observed near the anode surface. As
follows from the results of this study, this situation
takes place at gas pressure values lying to the right of
the inflection point of the breakdown curve of a glow
discharge and moderate discharge voltages Udc . As Udc

increases, the boundary between the negative glow and
the Faraday dark space shifts toward the anode. At suf-
ficiently high values of Udc, when the anode is located
inside the negative glow, the anode glow disappears and
the voltage drop across the anode sheath sharply
decreases.

In our experiments, the value of the anode voltage
drop was always positive. However, as was shown in
[10], the anode voltage drop becomes negative at suffi-
ciently low gas pressures. For the negative anode volt-
age drop to be obtained in our discharge tubes, a glow
discharge should be presumably ignited in the pressure
range p < 0.01 torr at discharge voltages Udc > 1000 V
(however, this was beyond our experimental condi-
tions).

4. CONCLUSIONS

In this paper we have examined the initiation and
characteristics of a glow discharge in air in large-diam-
eter discharge tubes. The main results can be summa-
rized as follows:

(i) As the interelectrode distance L increases, the
breakdown curves Udc(pL) shift toward higher values of
Udc and pL; i.e., a deviation from the Paschen law is
observed.

(ii) The range of pL for the normal regime of a glow
discharge is determined more exactly. It is shown that
regimes with a normal current density are characterized
not only by certain “normal” values of the cathode
sheath parameters (Uc = Un, pdc = pdn , j/p2 = (j/p2)n), but
also by the presence of ionization in the anode sheath.
The normal discharge regime takes place at low air
pressures only for pL values such that the cathode
sheath, negative glow, Faraday dark space, and anode
sheath with the anode glow are present simultaneously
in the discharge. These conditions refer only to pL val-
ues lying to the right of the inflection point in the break-
down curve.

(iii) The cathode glow in the normal regime of an
air discharge (for a duralumin cathode) is character-
ized by the following parameters: Un = 280 ± 2 V, pdn ≈
0.3 torr cm, and (j/p2)n ≈ 0.21 mA/cm2 torr2.

(iv) The axial profiles of the ion density, plasma
potential, and electron temperature, as well as the
anode voltage drop, are measured at various air pres-
sure values lying both to the left and to the right of the
minimum of the breakdown curve. It is shown that, in

the normal discharge regime, the anode voltage drop
and electron temperature at the boundary of the anode
sheath are sufficiently high for the electron-impact ion-
ization of gas molecules in the anode sheath.
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