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This paper reports dc breakdown curves we registered between a flat anode and cathodes of various design: a flat
one and cones of different height; the least inter-electrode distance was kept constant. We observed that the minima
and the right-hand branches of breakdown curves coincided practically whereas the left-hand ones did not. At lower
pressure values a divergence of left-hand branches of breakdown curves was registered for cathodes of different
design. For conical cathodes the breakdown occurs either near its sharp tip or at the lateral surface of the cone at

some distance from its tip.
PACS: 52.80.Hc

INTRODUCTION

Direct current glow discharge is broadly
employed in xenon and mercury high pressure lamps,
plasma processes of nitriding iron-based alloys as
well as for pumping gas discharge lasers (helium-
neon, carbon dioxide ones with a nitrogen admixture
etc). For optimizing plasma technologies and devices
one has to know the conditions for igniting a
discharge in them. An breakdown curve depicts the
ranges of voltage and gas pressure within which gas
discharge plasma can be produced. Electrodes of
complicated design are often used in discharge
devices. For example, in high pressure xenon lamps
the cathode may have a cone shape and a more
massive anode may be either flat or a slanted cone.
The parts and materials hardened via nitriding form
the part of a cathode and they may be of rather
different shapes. Therefore it is of large interest to
study the ignition of the dc discharge between the
electrodes of various designs.

In spite of a large number of papers devoted to
studying the dc discharge ignition, one
conventionally devotes main attention to the gas
breakdown between flat parallel electrodes [1-10],
between a plane and a point [11] or between
parabolic-shaped electrodes [12]. The available
reference data [13, 14] on igniting the discharge
between electrodes of complicated design are
contradictory and they need refinement. Therefore
this paper aimed at measuring breakdown curves
between a flat anode and cathodes of conical shape.

Fig. 1. Shapes of cathodes employed in this study
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This paper reports the breakdown curves we
registered for the dc discharge between a flat anode
and the cathodes of different design (a flat one as well
as two types of cones of different height), whereas the
shortest distance between the electrodes was kept
constant. We found that the minima and right-hand
branches in all cases practically matched though the
left-hand branches differed. At lower pressure values
we observed the different behavior of left-hand
branches of breakdown curves for cathodes of
different design.

1. EXPERIMENTAL

Experiments were performed at the nitrogen
pressure of p=0.06...10 Torr within the dc voltage

range of Uy <3000V. The flat anode and the
cathodes were made of stainless steel 12 mm in
diameter; they were located inside a glass tube of
13 mm inner diameter. The flat anode was of the
conventional cylindrical shape with a flat butt. The
conical cathodes were 5 and 10 mm in height,
respectively. In the experiments with conical
cathodes the shortest distance between them and the
flat anode was 5 mm. In the case of the flat cathode
the inter-electrode distance values were 5 mm,
10 mm and 15 mm.

A dc supply was connected to the cathode
whereas the anode was grounded. The discharge
current data were registered with a digital ammeter,
and the voltage data were registered with a digital
voltmeter. An external resistor of 50 kOhms was
switched into the discharge circuit for limiting the
current and impeding the cathode spots appearance.

The technique for breakdown curve registering
was as follows. With nitrogen pressure fixed the
voltage across the electrodes was increased
smoothly up to the moment of breakdown, which
was detected through the appearance of glow in the
inter-electrode gap together with the discharge
current. We regarded the maximum voltage before
the discharge ignition as the breakdown one.

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2014, Ne6. Series: Plasma Physics (20), p. 183-186. 183


mailto:lisovskiy@yahoo.com

2. EXPERIMENTAL RESULTS

First consider the breakdown curves of the
discharge in nitrogen we have registered for different
gap values between the flat cathode and anode.
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Fig. 2. Breakdown curves in nitrogen for the
following gap values between flat electrodes: 5, 10,
15 mm

Fig. 2 depicts the breakdown curves in nitrogen
for three gap values between flat electrodes, namely,
5mm, 10 and 15 mm. It is clear from the figure that
all breakdown curves possess a conventional U-shape
pattern. Increasing the gap value from 5 to 10 mm led
to a shift of the breakdown curve to the region of
lower gas pressure values, whereas the minimum
ignition voltage is approximately 329 V for both
curves. As the inter-electrode distance L =5 mm is
less than the tube radius R = 6.5 mm, and the distance
L = 10 mm exceeds it a little, the Paschen law is valid
here. For gap values of 5 and 10 mm the gas pressure
values at the breakdown curve minima amount to
1 Torr and 0.5 Torr, respectively. Therefore on the
U (pL) graph both these breakdown curve must
coincide. However the inter-electrode gap of 15 mm
exceeds the discharge tube radius by 2.3 times,
therefore the deviation from the Paschen law is
observed. This breakdown curve is shifted not only to
the region of higher pressure values but also to the
region of higher breakdown voltage values achieving
now 357 V in the minimum. Such a violation of the
Paschen law is described in detail in papers [5-9] and
it is due to higher loss of electrons due to diffusion to
discharge tube walls under the inter-electrode
distance increase.

The breakdown curves for flat electrodes
described above will be compared below with those
for conical cathodes.

As was already outlined above, the design of a
conical cathode is widely applied today, e.g. in xenon
and mercury high pressure lamps. In such lamps the
anode is manufactured as a massive slanted cone or
flat part. Therefore the data given below may be of
large practical interest. We performed our study with
two conical cathodes of 5 and 10 mm in height,
respectively. The registered breakdown curves for
these cathodes are shown in Fig. 3.

It is clear from the figure that these breakdown
curves coincide with the breakdown curve for flat
electrodes with the inter-electrode gap of 5 mm near
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and to the right of the minimum. At lower gas
pressure values breakdown curves for conical
cathodes run in the range of lower gas pressure
values than those for flat ones. Note that first the
breakdown curve for the cone 10 mm in height ran
more to the left of the curve for the cone 5 mm in
height but at breakdown voltage values above 1400 V
and low gas pressure values these two breakdown
curve coalesced practically. Consequently, at higher
gas pressure values and near the breakdown curves
minima the breakdown with conical cathodes occurs
near their tips regardless of their height and at the
same voltage values registered for the flat electrodes
with the 5 mm gap. At lower pressure values those
lines of force are optimum for the discharge ignition
which begin at the anode and end on the lateral
surface of the cone at a certain distance from its tip.
One can draw a conclusion from see Fig. 3 that for
the cone of 10 mm in height the optimum lines of
force for the breakdown are shifted from its point
farther than ones for the cone of 5 mm in height.
However with further lowering the gas pressure the
length of these optimum lines of force becomes
approximately equal for both conical electrodes what
follows from the coincidence of breakdown curves
for these cathodes.

The gas breakdown condition inside the flat gap
with the nonuniform field has the form

j‘a[E z Jdz=In 1+1/y » @

where o is the first Townsend coefficient for gas
molecule ionization through electron impact, v is the
ion-electron emission of the cathode surface, L is the
inter-electrode distance (for flat electrodes) or the
length of the electric line of force (for electrodes of
complicated design). In the electron avalanche
propagating from the cathode to the anode a certain
number of ion-electron pairs have to be generated.
This number is determined only by the secondary
ion-electron emission coefficient and it does not
depend on the circumstance whether the breakdown
occurs in uniform or strongly nonuniform field. The
integral in formula (1) exactly equals the oL product
corresponding to the respective breakdown voltage of
the gap in the uniform field between flat electrodes.
Under an “optimum line” we mean the electric field
line of force for which the breakdown criterion (1)
holds. For low gas pressure (to the left of the
breakdown curve minimum) the gas breakdown along
the short path (short line of force) is impeded because
electrons run along this path and escape to the anode
having no time during this passage for the production
of a number of ion-electron pairs required for gas
breakdown. Electric field strength along a longer line
of force than the optimum one would be lower; the
electrons would acquire less energy which would not
be sufficient for the ionization of gas molecules.
Comparing the breakdown curve for a conical
cathode with the breakdown curves for flat electrodes
one may evaluate the length of the line of force
optimum for discharge ignition at the gas pressure
under consideration.
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In papers [13, 14] the authors studied the effect of
breakdown along a long path on the shape of
breakdown curves of the dc micro discharges (with
inter-electrode gap values of 20 to 500 microns), as
well as for those of 1...2 cm (the authors call these
gap values the “standard” ones). They registered the
CVC of the Townsend regime and extrapolated it to
the voltage axis at small discharge current values and
regarded the obtained value as a breakdown voltage.
In paper [14] the authors employed the flat cathodes
as well as those of complicated design (a cathode
with a step as well as a flat cathode with a cylindrical
indentation near its axis). It was demonstrated that for
the cathodes of complicated design with small gaps
the left-hand side of the breakdown curve is relatively
flat with the minimum shifted to lower values of the
pL product. At high pL values the breakdown curves
for the micro discharges are similar to the curves at
the “standard” pressure/gap and the discharge is
ignited between the upper cathode surface and the
anode. At low pL values the discharge is ignited
along the longest path, and on gas pressure
decreasing the breakdown voltage increases fast. The
same pattern of the breakdown curves is also
observed for the cathode with a cylindrical
indentation. However, some questions arise
concerning the technique of breakdown voltage
measurement as well as to the results obtained. Note
that in paper [13] the authors remark that for micro
discharges it is difficult to obtain a stably burning
Townsend regime, and that a correct extrapolation to
zero current cannot be made. Registered breakdown
curves for micro discharges happened to be shifted to
the region of higher breakdown voltage values by
about 80...100 V compared with ordinary gap values.
At high gas pressure values corresponding to the
right-hand side of the breakdown curve the
breakdown conventionally happens to occur along the
shortest path with the largest electric field. From the
data in Fig. 3 of paper [14] one observes that at
pL=3Torr-cm the Townsend discharge occupies
only a portion of the upper surface of the step-like
cathode, therefore the breakdown has to occur at the
same voltage that is characteristic for flat electrodes
with the gap value equaling to the gap between the
anode and the upper section of the cathode. However
at the same pL values for flat electrodes the
breakdown voltage is equal to about 280 V, and the
for the step-like electrode it is about 420V, i.e.
1.5 times higher. The discharge would hardly ignite
at higher voltage values if there are all required
conditions for gas breakdown at lower voltage values.
Therefore the technique of registering the breakdown
voltage values for the cathodes of complicated design
from the CVC of the Townsend discharge employed
in papers [13, 14] needs refinement.

CONCLUSIONS

In this paper we registered the breakdown curves
in nitrogen for the fixed inter-electrode gap of 5 mm.
The studies were performed for a flat anode and
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conical cathodes of 5 and 10 mm in height. We also
made additional measurements for flat electrodes
spaced 10 and 15 mm apart.

We found that for narrow inter-electrode gaps of
5 and 10 mm less than or compared with the tube
radius, the Paschen law is valid, i.e. breakdown
curves for different gap values coincide when plotted
to the U (pL) scale. However for a longer gap of
15 mm the breakdown curve deviates to the range of
higher voltage values, i.e. the Paschen law is not
valid.

For conical cathodes the breakdown at high gas
pressure occurs near their tips regardless of their
height, besides the breakdown curves near to and to
the left of their minimum are close to the breakdown
curve for flat electrodes with the gap of 5 mm. At low
pressure those lines of force are optimum for the
discharge ignition which start at the anode and finish
at the lateral surface of the cone at some distance
from its tip.
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Fig. 3. Breakdown curves in nitrogen for the gap
values between flat electrodes of 5 and 10 mm, as
well as for conical cathodes
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MMPOBOM I'A3A B HIOCTOSSHHOM JJIEKTPUYECKOM IT1OJIE B PA3PSIJTHOM TPYBKE
C IIVIOCKUM 1 KOHUYECKUMHU KATOAAMHA

B.A. Jlucoeckuii, P.O. Ocmaes, B./]. Ezopenkos

W3MepeHb! KpHUBBIC 3aKUTaHUS paspsaa MeXIy IUIOCKHM aHOJOM M KaToJaMH Pa3HON reOMEeTpUH — IUNIOCKUM U
KOHWYECKHMMHU pPAa3JIMdHON BBICOTHI, NPU 3TOM HAWMCHBINEE DPACCTOSHHE MEXIY 3JIEKTPOJaMH COXPaHSJIOCH
MOCTOSIHHBIM. [loJydeHO, 9TO MHHUMYMBI M IIPaBble BETBH KPHBBIX 3@KHTaHMS BO BCEX CIydasX MPaKTHYECKH
HaJIOXKMJIMCh, Pa3IMdHbl OBUIM TOJBKO JEeBble BeTBHU. [Ipu Oolee HM3KMX NaBICHHAX HAOIIOMACTCS PACXOKACHHE
MEXKIy JIEBBIMH BETBSIMHU KPHBBIX 3a)KWTaHUS U1 KaTOAOB Pa3lN4YHbIX reomerpuil. s KOHWYECKHX KaTOIOB
po0Oi MPOUCXOIUT BOIM3K MX OCTpHs MO0 Ha OOKOBOW IMTOBEPXHOCTH KOHYCAa Ha HEKOTOPOM PAacCTOSHHUHU OT €ro
ocTpusl.

MPOBIN I'A3Y B IOCTIMHOMY EJIEKTPUYHOMY IOJII B PO3PS/IHIN TPYBIII 3 IIJIOCKUM
TA KOHIYHUMHU KATOJAMHA

B.0O. Jlicoecvkuii, P.O. Ocmacs, B./l. €zopenxos

BuMipsHi KpHBi 3amamioBaHHS PO3pAIy MK IUIOCKMM aHOIIOM 1 KaToJaMH pi3HOI reoMeTpii — IJIOCKAM Ta
KOHIYHUMH Pi3HOT BUCOTH, IPH I[bOMY HaiMEHIIA BiJICTaHb MK €IIEKTpoJaMu 30epiranacs mocriiHow. OTpuMaHo,
10 MiHIMYMH i TIpaBi TUJIKA KPUBHX 3allaTFOBAHHS y BCIX BHIAIKAaX MPAKTUYHO HAKIAAINCS, Pi3HI OyIIN TUTBKH JIiBi
rinku. [Ipu OLTBIT HU3EKOMY THCKY CIIOCTEPITraeThCsl pO30DKHICTE MIXK JIIBUMU TiJTKAMH KPUBHX 3aITaFOBAaHHS IS
KaTOJIB Pi3HUX TeoMeTpiid. [y KOHIYHIX KaTOiB MpoOill BinOyBaeThCs MOOMU3Y X BIiCTps a00 Ha OiYHIN MOBEPXHI
KOHycCa Ha JIesAKii BijicTaHi Bix fioro BicTpsi.
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