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Abstract. This paper studies in experiment and theory the breakdown of argon, nitrogen, air
and oxygen in a uniform dc electric field at different discharge gaps L, discharge tube radii R
and cathode materials. At arbitrary geometric dimensions of the cylindrical discharge vessel
and cathode materials the ratio of the breakdown electric field value to the gas pressure p at
the minimum of the breakdown curves is shown to remain constant, (Edc/p)min ≈ constant.
A modified breakdown law for the low-pressure dc discharge Udc = f (pL, L/R) is obtained.
That is, the breakdown voltage Udc is shown to depend not only on the product pL, but also
on the ratio L/R. A method is presented enabling one to predict a dc breakdown curve in the
cylindrical discharge vessel possessing arbitrary L and R values from the measured data on
the dc breakdown.

1. Introduction

Dc glow discharges are widely applied for depositing
thin polymer and oxide films, for cleaning the surface of
materials, for pumping gas discharge lasers, in plasma display
panels, voltage stabilizers, etc. Therefore the research
into the conditions of the glow discharge breakdown is of
considerable interest.

Ignition of the dc glow discharge is one of the oldest
problems in the study of low-pressure gas discharges. As
far as it is known [1–12], the breakdown curves of the glow
discharge are described by Paschen’s law Udc = f (pL),
i.e. the breakdown voltage Udc depends on the product of
the gas pressure p and the discharge gap L. De La Rue
and Muller [13] were the first to observe the dependence
of the breakdown voltage Udc on the product pL. Later
Paschen measured the breakdown curves of the dc discharge
in air, CO2 and H2 over a broad range of pL values
and came to the conclusion that the breakdown voltage
Udc depends only on the product pL [1]. Paschen’s law
means that the breakdown curves Udc(p), measured for
various gaps L, should superimpose onto each other, if
one depicts them as Udc(pL). However, Townsend and
McCallum [14] measured the breakdown curves of the dc
discharge in neon and discovered that for equal values of the
product pL the breakdown voltage associated with a larger
discharge gap with planar electrodes is considerably higher
than that associated with a smaller gap. Later studies [15–23]
confirmed this conclusion for a number of gases (neon, argon,
nitrogen, hydrogen and others). Despite the large number
of experimental and theoretical papers devoted to the low-
pressure gas breakdown in the dc electric field, there has been
until now no method capable of predicting the breakdown
curve for arbitrary discharge gaps L and discharge vessel
radii R from measured data.

This paper reports the results of experimental and
theoretical study of breaking down argon, nitrogen, air
and oxygen in the dc electric field in cylindrical discharge
vessels with various interelectrode gaps L, inner radii R and
cathode materials. On increasing the discharge gap L or
decreasing the radius of the discharge tube R the breakdown
curves are shown to shift to the region of higher pL values
and higher breakdown voltage values Udc. Still, the ratio
of the breakdown electric field value to the gas pressure
value at the breakdown curve minimum (Edc/p)min remains
constant at any value of the discharge gap L, discharge tube
radius R and the ion–electron emission rate γ . We have
obtained a modified breakdown law for the dc low-pressure
discharge: Udc = f (pL, L/R). A method is described for
the determination of the breakdown curve of a dc discharge
in a cylindrical vessel with arbitrary geometric dimensions
from the breakdown curve for a narrow discharge gap (at
L/R → 0), i.e. from the conventional Paschen’s curve.

2. Theoretical treatment

For the theoretical description of the dc gas breakdown the
Townsend equation [2] is presently widely used:

γ [exp(αL) − 1] = 1 (1)

where α and γ are the first and the second Townsend
coefficients. This simple equation was derived for planar
electrodes with an infinitely large radius R, i.e. for L/R = 0.
However, in actual gas discharge devices (both research or
technology relevant) the radius of the electrodes may be
comparable to the interelectrode gap. Specifically, such a
situation is found in some designs of the plasma display
panels [24–29]. Therefore, for the description of the dc
discharge breakdown in such devices, one should obtain the
gas breakdown criterion, taking into account the escape of
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charged particles to the lateral walls of the discharge tube
(to the cells in the plasma display panel, etc). The equation
for the gas breakdown in a dc uniform electric field obtained
in [30] takes into account the ionization of gas molecules
through electron impact and electron and ion drift along the
field as well as the diffusional escape of electrons along
the radius of the discharge tube. However, the authors
of [30] performed neither an analysis of the breakdown
equation obtained nor a comparison of the calculations with
measured data and, even, gave no theoretical breakdown
curve. Therefore, having made a simple transformation, we
present the equation (12) of [30] in the form:

α = De

Ve

(
2.4

R

)2

+αγ

{
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Ve

(
2.4
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)2)]
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(2)

where De is the coefficient of the transverse diffusion of
electrons, Ve is the electron-drift velocity. We will use the
conventional notation for Ve, De and α:

Ve = µeEdc = µe0
Udc

pL
(3)

De = De0/p (4)

α = A0p exp

(
−B0pL

Udc

)
(5)

where µe0 and De0 are the mobility and the coefficient of the
transverse diffusion of electrons at p = 1 Torr, respectively,
and A0 and B0 are constants [5]. Let us insert the expressions
(3)–(5) into (2) and multiply the left- and right-hand parts
of (2) by L; then we obtain the following equation for the
breakdown:
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One sees from (6) that the breakdown voltage Udc depends
not only on the product pL, but also on the ratio L/R.

Let us differentiate expression (6) over pL and make the
derivative dUdc/d(pL) equal to zero. Then, for the minimum
of the breakdown curve we obtain two solutions, one of
which makes no sense physically and another that gives the
following relations:(
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where e is the base of natural logarithms, Umin = (Udc)min.
At L/R → 0, expressions (8) and (9) assume the form [5]:

(pL)min = e

A0
ln

(
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)
(10)

Umin = eB0

A0
ln
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)
. (11)

Note that expressions (7)–(9) were obtained for the case
when the ratio De0/µe0 does not depend on the ratio Edc/p.
This is valid for heavy noble gases—argon, xenon—in a
broad range of Edc/p values corresponding to the section
near to and to the left of the breakdown curve of a dc
discharge. However, it is easy to prove that taking the
relation De0/µe0 = f (Edc/p) into account leads eventually
to the expressions (7)–(9), indicating their universal nature.
Moreover, expression (7) also remains valid in the case when
one takes into account the anisotropic diffusion of electrons
along and across the direction of the electric field and the
photoemission of electrons from the cathode surface.

Note that expression (5) provides a satisfactory
description of the first Townsend coefficient on the ratio of
the dc electric field strength to the gas pressure α(Edc/p) for
molecular gases. For noble gases one often uses the following
dependence [12, 31]:

α = Dp exp[−C · (Edc/p)−1/2] (12)

where D and C are the constants related to the gas species.
Inserting expression (12) into expression (2) yields the
following relations at the breakdown curve minimum:(
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Therefore, it follows from expressions (7) and (13) that
on changing the values of L, R and γ of the discharge vessel,
the breakdown curves are shifted in such a way that the
quantity (Edc/p)min always remains constant at the minimum
of them, the ionization ability of electrons being a maximum.
It is seen from (8), (9), (14) and (15) that the coordinates of
the minimum (pL)min and Umin depend on the ratio L/R and
not on L and R separately.

3. Experimental details

We measured the breakdown curves of the glow discharge
in argon, nitrogen, air and oxygen within the range of dc
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Figure 1. Measured breakdown curves of the glow discharge in
argon: • presents our data (L = 1.1 cm, R = 5 cm, stainless-steel
cathode; ◦ data from the experiment of [36] (platinum cathode):
� is taken from [32] (nickel cathode); 	 is from [33] (steel
cathode); is from [34] (nickel cathode); 
� is from [35] (steel
cathode); � from [37] (platinum cathode); and � is from [19]
(copper cathode).

voltage Udc � 1000 V and pressure p ≈ 10−2–10 Torr. We
used discharge tubes with inner diameters of 9, 14, 27, 63
and 100 mm. In all cases the walls of our discharge tubes
were insulating (glass or fused silica). The planar parallel
electrodes occupied the whole cross section of the discharge
tube. The anode was made out of stainless-steel. We
employed cathodes made out of stainless-steel, duralumin,
silver, magnesium, zinc and iron as well as the iron cathode
covered with soot. Before taking measurements we purified
the cathode surface by igniting the dc glow discharge in
argon at a pressure p = 0.5 Torr and a discharge current
Idc = 20–50 mA (depending on the diameter of the discharge
tube) for 10 min. Under these conditions the ion flux on the
cathode is sufficiently large enough to remove the monolayers
of gases remaining on the cathode surface after mechanical
machining and polishing, but the discharge current value is
not yet sufficient to produce the cathode spots that erode the
cathode surface.

We employed no external ionization sources and studied
exclusively the ignition of the self-sustained dc discharge.

The accuracy of measuring the dc breakdown voltage
was ±2 V.

In all cases we employed the following technique of
measuring the breakdown curves. We fixed a certain distance
between the electrodes L and then measured the breakdown
voltage Udc at different gas pressures p. We will explain
below why this method of measuring the breakdown curves
of the dc discharge is correct.

4. Experimental results

We will show first that the breakdown curves of the dc
discharge we measured are in reasonable agreement with
those of other authors. Figure 1 presents one of our

Figure 2. Measured breakdown curves of the glow discharge in
argon at L = 0.9 cm and R = 3.15 cm: • is for the stainless-steel
cathode, ◦ is for the silver cathode, � is for the copper cathode
and 	 is for the iron cathode covered with soot.

breakdown curves (L = 11 mm and R = 50 mm) of the
dc discharge in argon for the stainless-steel cathode as well
as the breakdown curves measured by the authors of [19, 32–
37] with cathodes made out of different materials. This figure
manifests the satisfactory agreement between our data and
those of other researchers.

Figure 2 shows the breakdown curves of the dc discharge
we measured in argon with the cathodes made out of different
materials. It follows from this figure that for the cathodes
with lower ion–electron emisssion rates γ (copper, soot)
the breakdown curve is shifted simultaneously to higher
pL values as well as to higher breakdown voltages Udc.
Increasing the emission rate of the cathode surface leads to a
shift of the breakdown curve to lower pL values as well as
lower breakdown voltages Udc. At the same time the minima
of the breakdown curves we measured are on one straight
line. This agrees with the data of [3, 8] and also follows from
the results of papers [38, 39].

Figures 3 and 4 show the breakdown curves for argon and
nitrogen we measured with discharge tubes of fixed radius R

and different interelectrode gaps L. It follows from these
figures that on increasing the gap L the curves are shifted
not only to the region of higher breakdown voltages Udc (as
was established in [14–23]), but simultaneously to higher
pL values. A similar conclusion may be drawn from the
measured data presented in figure 3 of [19] for neon. The
author of [19] measured the breakdown curves near and to the
left of the minimum and noted that increasing L leads to the
increase of Udc. However one can see from the results in [19]
that on increasing L the breakdown curves are also shifted
to higher pL values (the authors of [19] paid no attention to
this fact). Consequently, the deviation from Paschen’s law
that we have observed is supported by the measured data of
other authors. In all probability, this shift of the breakdown
curves to higher Udc and pL values with the increase of the
interelectrode gap L is associated with the growth of the
losses of charged particles on the lateral walls of the discharge
tube due to the diffusion across the electric field.
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Figure 3. Measured breakdown curves of the glow discharge in
argon (R = 3.15 cm) for the stainless-steel cathode and different
interelectrode gaps: • L = 0.5 cm, ◦ L = 1 cm, � L = 2 cm,
	 L = 4 cm and L = 6 cm.

Figure 4. Measured breakdown curves of the glow discharge in
nitrogen (R = 3.15 cm) for the stainless-steel cathode and
different interelectrode gaps: • L = 0.5 cm, ◦ L = 2 cm,
� L = 4 cm, 	 L = 6 cm and L = 8 cm.

Figures 5 and 6 show the dependences of Umin and
(Edc/p)min on the variables (pL)min and L/R, respectively,
obtained from our measured breakdown curves of the dc
discharge in argon for different interelectrode gaps L and
inner tube radii R. In figure 5 one sees that for the
measured coordinates of the breakdown curve minima we
have Umin ∝ (pL)min, and from figures 5 and 6 it follows
that (Edc/p)min ≈ constant = 194 ± 5 V (cm Torr)−1

(this (Edc/p)min value is in satisfactory agreement with the
value B0 = 180 V (cm Torr)−1 [5]). Figure 5 also shows
the straight line Umin = 194(pL)min, which gives a good
description of the measured points. Figure 7 presents the
dependences of Umin and (Edc/p)min on (pL)min in nitrogen
for different cathode materials and interelectrode gaps L.

Figure 5. Dependences of Umin and (Edc/p)min on (pL)min in
argon for the stainless-steel cathode in discharge tubes with
different inner radii: • 0.45 cm, ◦ 0.7 cm, � 1.35 cm, 	 3.15 cm
and 5 cm. The full line is for (Edc/p)min = 194 V (cm Torr)−1

and the broken line is for Umin = 194(pL)min.

The full line in this figure, Umin = 407(pL)min, and the
broken line, (Edc/p)min = 407 ± 5 V (cm Torr)−1, give a
satisfactory description of the results that we have obtained.
Therefore the behaviour of the coordinates of the minimum
point of the glow discharge breakdown curves predicted
by the expression (7) is supported by our measured data.
Consequently, for any interelectrode gap L and tube radius
R the ratio (Edc/p)min at the minimum always remains
constant. The same rule holds if one varies the value of
the ion–electron secondary emission rate γ of the cathode
material (this follows from figure 2 and is noted in [3, 4, 8]).

From figure 6 one also sees that the values of Umin

obtained from the measured breakdown curves for different L
and R values fit satisfactorily one uniformly growing curve.
The same figure shows the theoretical curve Umin(L/R),
calculated from equation (15), which is in reasonable
agreement with our measured data (we used the values of α,
Ve and De from [4, 5, 40–43]). From figure 6 the conclusion
may be drawn that the parameter L/R along with pL is also
important in describing the breakdown curves of the glow
discharge. Consequently, the gas breakdown law in the dc
electric field may be written in the following form:

Udc = f

(
pL∗,

L

R

)
(16)

where L∗ is the function of the ratio L/R.
Let us now show that the conventional Paschen’s law

Udc = f (pL) is valid only in two cases: (i) for discharge
tubes with L/R → 0 (this is well known and no proof
is required—see [2–9]) and (ii) for discharge tubes with
similar geometries L/R = constant (what was predicted by
Townsend [2]). Figure 8 presents two breakdown curves
that we measured in discharge vessels with different radii.
The interelectrode gap was chosen such that the ratio of
the interelectrode gap to the tube radius remained constant
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Figure 6. Dependences of Umin and (Edc/p)min on L/R in argon in discharge tubes with different inner radii: • 0.45 cm, ◦ 0.7 cm,
� 1.35 cm, 	 3.15 cm and 5 cm. The full curve is for (Edc/p)min = 194 V (cm Torr)−1 and the broken curve presents the calculation
according to (15).

Figure 7. Dependences of Umin and (Edc/p)min on (pL)min in
nitrogen in discharge tubes with the inner radius R = 3.15 cm for
different cathodic materials: • is for the stainless-steel cathode,◦ is for the silver cathode, � is for the aluminium cathode,
	 is for the magnesium cathode and is for the iron cathode
covered with soot. The full line presents the dependence
(Edc/p)min = 407 V (cm Torr)−1 and the broken curve is for
Umin = 407(pL)min.

L/R = 2.4. It is seen from the figure that in this case the
breakdown curves actually superimpose onto each other. The
discharges with geometrically similar electrode dimensions
and interelectrode gaps possess the same breakdown voltage.

The generalized law, (16) has the following meaning.
Take two discharge tubes with L1, R1 and L2, R2 respectively,
measure the breakdown curves for them and draw the curves
in the form of the functions Udc1,2 = f (pL1,2). Then these
two curves coincide only when L1/R1 = L2/R2. In the gen-

Figure 8. Breakdown curves in argon for the stainless-steel
cathode at L/R = 2.4: • L = 1.1 cm and R = 0.45 cm; and◦ L = 3.3 cm and R = 1.35 cm.

eral case for arbitrary L and R the conventional Paschen’s law
is not valid and one should apply a more general law of the dc
breakdown: (16), which is the short form of the equation (6).

Note that with an appropriate choice of the coordinate
axes one can achieve a practical coincidence of all the
breakdown curves we have measured (for the same gas and
cathode material). For example, if the abscissa is

(pL)∗ = pL

/(
1 +

(
L

R

)2)a

(17)

and the ordinate is

U ∗
dc = Udc

/(
1 +

(
L

R

)2)a

(18)
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Figure 9. Dependences of U ∗
dc and Edc/p on (pL)∗ in argon in the discharge tube with R = 3.15 cm and different interelectrode gaps:• L = 0.5 cm, ◦ L = 1 cm, � L = 2 cm, 	 L = 4 cm and L = 6 cm. The full curve presents the calculated data from [44].

Figure 10. Dependences of U ∗
dc and Edc/p on (pL)∗ in nitrogen in the discharge tube with R = 3.15 cm and different interelectrode gaps:• L = 0.5 cm, ◦ L = 2 cm, � L = 4 cm, 	 L = 6 cm, L = 8 cm, 
� measured data of [19], � measured data of [35], � measured data

of [45], and � measured data of [46, 47].

where for argon a ≈ 0.16, then the breakdown curves given
in figure 3 coincide to the accuracy of ±5 V (figure 9).
Obviously, for L/R → 0 we have the conventional Paschen’s
curve Udc = f (pL). It is seen from (17) and (18), that
U ∗

dc/(pL)∗ = Udc/(pL) = Edc/p, i.e. the dependences
Edc/p = f ((pL)∗) for different breakdown curves should
also coincide (as we see in figure 9). Figure 9 also gives
the theoretical curve Edc/p = f ((pL)∗), obtained in [44]
for the case L/R → 0, which is in reasonable agreement
with our data. Figure 10 shows similar dependences for
U ∗

dc = f ((pL)∗) and Edc/p = f ((pL)∗) for nitrogen, the
coincidence of the breakdown curves given in figure 4 being
observed at a ≈ 0.12. Here we also witness the reasonable
agreement between our data and those of [19, 35, 45–47].
For air we have a ≈ 0.09 (figure 11) and for oxygen one

finds a ≈ 0.03 (figure 12). We obtained the dependences
for Edc/p = f ((pL)∗) given in figure 11 and 12 from
the measured data of [15, 35, 45, 48, 49] and they are in
satisfactory agreement with our data. For neon we obtained
a ≈ 0.11 from the measured data of [19]. From figures 9–12
it follows that the gas dc breakdown law may also be written
in the form U ∗

dc = f ((pL)∗).
With the help of the relationships (17) and (18) and the

values of the breakdown voltages given in figures 9–12 we
can predict with good accuracy the breakdown curves in any
cylindrical discharge vessel for any interelectrode gap L and
tube radius R. For example, let us determine the location
of the breakdown curve minimum of the dc discharge in
nitrogen at R = 3.15 cm and L = 5 cm for the stainless-
steel cathode. It is seen from figure 10 that U ∗

min ≈ 280 V,
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Figure 11. Dependences of U ∗
dc and Edc/p on (pL)∗ in air in the discharge tube with R = 3.15 cm and different interelectrode gaps:• L = 0.5 cm, ◦ L = 1 cm, � L = 2 cm, 
� L = 5 cm, L = 10 cm, 
� measured data of [35], � measured data of [48], � measured data

of [45], � measured data of [49] and ♦ measured data of [15].

Figure 12. Dependences of U ∗
dc and Edc/p on (pL)∗ in oxygen in the discharge tube with R = 3.15 cm and different interelectrode gaps:• L = 0.5 cm, ◦ L = 3 cm, � L = 6 cm, 	 L = 8 cm and measured data of [35].

(pL)∗min ≈ 0.6 Torr cm. From the relations (17) and (18) we
obtain

(pL)min = (pL)∗min

[
1 +

(
L

R

)2]0.12

(19)

Umin = U ∗
min

[
1 +

(
L

R

)2]0.12

. (20)

For L/R = 1.59 we have Umin ≈ 323 V and (pL)min ≈
0.7 Torr cm. It follows from our measured data that Umin ≈
320 V, (pL)min ≈ 0.73 Torr cm, i.e. the satisfactory agree-
ment is observed between the measured coordinates of the
dc breakdown curve minimum and the data predicted from
the relations (17)–(20). To predict any other point of the dc
breakdown curve U ∗

1 and (pL)∗1, we act in a similar manner.

In the general case, to predict a dc breakdown curve in a cylin-
drical discharge vessel with arbitrary geometric dimensions
one should have the Paschen’s curve (i.e. the dc breakdown
curve measured in the vessel with L/R → 0 with the cathode
made out of a required material) and then with the help of the
relations (17) and (18) determine the Udc and pL values. If
the initial dc breakdown curve was measured in the discharge
vessel with L0 and R0, for which the condition L0/R0 → 0
is not valid, one should first construct the dependence U ∗

dc =
f ((pL)∗) with the help of relations (17) and (18). Then, one
should use this and the same relations (17) and (18) to calcu-
late the sought breakdown curve in the discharge vessel with
the given dimensions L1 and R1. It may be expressed more
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briefly with the help of the following relations:

(pL)1 = pL0

[
1 + (L1/R1)

2

1 + (L0/R0)2

]a

(21)

Udc1 = Udc0

[
1 + (L1/R1)

2

1 + (L0/R0)2

]a

(22)

where the subscript 1 relates to the sought dc breakdown
curve and the subscript 0 relates to the initial breakdown
curve that was known.

In the expressions (17) and (18), the quantities (pL)∗

and U ∗
dc are the functions of the argument (L/R)2, because

the ratio of the interelectrode distance to the chamber radius
enters equation (6) in the second power. However, the
insulating wall of the discharge chamber collects the positive
as well as the negative charges that are generated due to
ionization and are lost on chamber walls due to diffusion.
Therefore the losses of charged particles on the walls would
be proportional to (L/R), equivalent to the ratio of the wall
area to that of the discharge cross section. In this case the
quantities (pL)∗ and U ∗

dc may be rewritten as the functions
of (L/R):

(pL)∗ = pL

/ [
1 +

L

R

]b

(23)

U ∗
dc = Udc

/ [
1 +

L

R

]b

(24)

where for oxygen, nitrogen, argon and air the values of b

are equal to 0.06, 0.17, 0.23 and 0.16, respectively. The
expressions (17), (18), (23) and (24) are empirical and
are obtained for the convenient processing of measured
breakdown curves. Therefore one is free to choose between
the different presentations.

Inside the burning dc discharge a negative surface charge
[5, 9, 50] is deposited on the tube walls. In a steady-state
regime the electron and ion fluxes on the walls are equal. At
the stage before the breakdown (Townsend regime), when the
quasineutral plasma is not yet formed, the concentration of
positive ions considerably exceeds that of the electrons [9],
therefore the ion and electron fluxes to the walls are not equal.
As was shown in [51], before the breakdown a distribution of
charge may be formed on the internal surface of the tube due
to tube conductivity. Consequently, a correct account of the
effect of surface charge on the walls on the dc gas breakdown
is associated with a complicated theoretical treatment, so we
did not attempt to model this within the framework of this
study. Some results in this important field may be found
in [51–57].

Let us make a remark concerning the technique of
measuring the breakdown curves. As a rule, one measures
a breakdown curve of the glow discharge in two ways: (1)
one fixes the gap L and then varies the gas pressure p and
measures the breakdown voltage Udc or (2) one fixes the
gas pressure and measures the breakdown voltage values
for different gap values L. However, it follows from the
results obtained in the present paper that the second method
(with pressure fixed and gap width varying) is incorrect. The
‘breakdown curve’ obtained in this way will be a set of points
each of which belongs to a certain genuine breakdown curve

characterized by a fixed L/R value. At small L it is close to
Paschen’s, but with the gap values increasing it will shift to
higher breakdown voltages. Therefore one should measure
a dc breakdown curve by establishing a fixed interelectrode
gap and varying the gas pressure.

5. Conclusions

This paper presents the results of the experimental and
theoretical study of breaking down a low-pressure dc
discharge in argon, nitrogen, air and oxygen for different
interelectrode gaps, discharge tube radii and cathode
materials. The ratio (Edc/p)min at the minimum of
the breakdown curves is shown to be constant for any
interelectrode gap L, discharge vessel radius R and the
ion–electron emission rate from the cathode surface γ .
A modified dc breakdown law is obtained: Udc =
f (pL, L/R); i.e. the breakdown voltage Udc depends on
the product of the gas pressure p, the gap width L and
on the ratio L/R. It is shown in experiment that the
conventional Paschen’s law, Udc = f (pL), is valid only for
those discharge tubes, for which the electrode dimensions and
interelectrode gaps are geometrically similar, and for short
discharge tubes for which L/R → 0. In general, Paschen’s
law is not valid. A method is presented which can predict the
breakdown curve in a cylindrical vessel for any values of L

and R from the measured data on a dc breakdown.
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