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This paper presents the results of studying the gas breakdown in the nonuniform constant electric field. We reg-
istered the discharge breakdown curves in nitrogen between flat electrodes of 12 mm in diameter and spaced 5 and
25 mm apart whereas the chamber diameter was 56 mm. We demonstrate that in contrast to previous studies with
the narrow gap between the electrodes and the chamber wall the breakdown curves for different space values actual-
ly coincide when plotted to the U(pL) scale. The Paschen law holds under conditions of our experiments though the
inter-electrode spacing exceeds almost fourfold the electrode radius and the electric field axial profile for a larger
spacing possesses a minimum at the inter-electrode gap center. Consequently, under condition studied the electric
field nonuniformity did not affect practically the breakdown process.
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INTRODUCTION

Direct current glow discharge is widely applied in
high pressure xenon and mercury lamps [1], in the pro-
cesses of plasma nitridizing iron-based alloys [2], as well
as for pumping gas discharge lasers (helium-neon ones,
carbon oxide ones with nitrogen admixture etc) [3]. In
order to optimize plasma technological processes and
devices one has to know the conditions under which an
electrical discharge ignites in them. An breakdown curve
describes the ranges of voltage and gas pressure values
whithin which a gas discharge plasma may be produced.

Breakdown curves (the dependence of the break-
down voltage U on the product of the gas pressure and
the inter-electrode distance pL) in short tubes obey
Paschen’s law U =f (pL) [4, 5]. For Paschen’s law to
hold the voltage at the breakdown curves minima as
well as the pL product for different values of the inter-
electrode distance have to remain unchanged i.e. con-
stant. The breakdown voltage U is the function of the pL
product but not of p and L separately. Therefore if the
pL product remains constant in two geometrically simi-
lar discharge tubes with flat electrodes and the identical
gas species then the breakdown voltage also remains the
same. Consequently, for Paschen’s law to hold it is nec-
essary that the breakdown curves U(p) registered for
different inter-electrode distance L values match each
other when plotted as a function U(pL).

However the authors of a number of papers [6 - 12]
found that with the pL values fixed the discharge break-
down voltage values in narrow gaps were remarkably
lower than those for longer inter-electrode distance val-
ues. They demonstrated that on increasing the inter-
electrode distance keeping the pL product fixed the
breakdown voltage grew. Papers [7 - 11] studied in de-
tail the discharge ignition in cylindrical tubes in the
broad range of the distance values L between flat elec-
trodes of radius R with the ratio values of LIR<3 [7 -
10] and L/R <60 [11]. They found that Paschen’s law
holds only for the gas breakdown in short discharge
tubes when L/R <1. In the range of L/R > 1 increasing
the inter-electrode distance L leads to the shift of break-
down curves U(p) to the region of higher breakdown
voltage values U and higher gas pressure ones. When
the condition L/R>20 holds, the breakdown curves
with the distance L growing experience a shift to the
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range of higher voltage U values with the gas pressure
at their minima remaining almost unchanged [11].

In paper [12] the influence of the electrode diameter
(55, 25, 12, 5, 2.4 and 0.8 mm) on discharge ignition in
nitrogen was studied in the discharge tube of 56 mm in
diameter with the inter-electrode distance of 25 mm.
The authors of paper [12] found that decreasing the
electrode diameter led at higher gas pressure to the dis-
charge ignition at lower voltage values than for large
electrodes and at low gas pressure they observed the
shift of breakdown curves to higher voltage breakdown
values. They discovered that all registered breakdown
curves intersected at the nitrogen pressure value of
p = 0.9 Torr which was close to the inflection point of
the breakdown curves for large electrodes. However the
authors of paper [12] did not study the gas breakdown at
different inter-electrode gap values, therefore one can-
not draw a conclusion from their results on the applica-
bility of Paschen’s law for nonuniform electric fields.

The authors of paper [13] registered the breakdown
curves of the discharge between the flat anode and cath-
odes of different design: a flat one and conical ones of dif-
ferent height keeping constant the minimum inter-electrode
distance. They observed that the minima and the right-hand
sections of breakdown curves matched, and only the left-
hand sections differed. At lower pressure values they
observed the divergence of left-hand branches of break-
down curves for the cathodes of different design.

The present paper aimed to register the breakdown
curves between flat electrodes with their diameter being
less than the inner diameter of the discharge tube for the
cases of uniform and nonuniform distributions of the
electric field within the inter-electrode gap and to clarify
the applicability of Paschen’s law for the breakdown
description in nonuniform fields.

For gas breakdown studies the discharge tube was
employed of 56 mm inner diameter with flat electrodes
of 12 mm in diameter spaced 5 and 25 mm apart. Stud-
ies were performed in nitrogen in the pressure range
p =0.05...100 Torr and dc voltage range Ug: < 3000 B.
The gas pressure was controlled with baratrons of 1000
and 10 Torr.

EXPERIMENTAL RESULTS

Conventionally the researchers register the break-
down curves between flat electrodes with about uniform
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distribution of the electric field strength between them.
However in many gas-discharge devices one often ap-
plies small electrodes of complicated design. They pro-
duce a nonunform electric field and are located inside
the chambers of large dimensions. Therefore it is of
interest to register the breakdown curves between flat
electrodes which diameter is less than that of the tube,
and here the breakdown may develop along a longer
way in the nonuniform field.

Consider the breakdown curves in nitrogen we regis-
tered for different gap values between the flat cathode
and anode. Fig. 1 depicts the breakdown curves (break-
down voltage against gas pressure) for two values of the
distance between flat electrodes of 5 and 25 mm which
diameter was 12 mm with the inner diameter of the dis-
charge tube of 56 mm. The same breakdown curves are
shown in Fig. 2 as a function of the product of gas pres-
sure and inter-electrode gap size pL. It is clear from
these figures that both breakdown curves possess a con-
ventional U-type pattern. Increasing the inter-electrode
gap value from 5 to 25 mm led to the shift of the break-
down curve to the low pressure range whereas the min-
imum breakdown voltage was equal to about 286 V for
both curves.
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Fig. 1. Breakdown curves in nitrogen for the
inter-electrode gap values of 5 and 25 mm
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Fig. 2. Breakdown voltage against pL product for the
gap values betwee flat electrodes of 5 and 25 mm

Again, it follows from Fig. 2 that at the pressure
near to and to the left of the minima the breakdown
curves for different gap values match practically when
plotted to the U(pL) scale. One may draw the conclusion
from these results that Paschen’s law holds in the gas
pressure range indicated. However at higher pressure
values (which thrice or more exceed the pressure value
at the minimum) the right-hand branch of the break-
down curve for the gap value of 25 mm runs below the
curve for 5 mm.
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Fig. 3. Electric potential distribution in gaps between
flat electrodes of 5 and 25 mm
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Fig. 4. Axial distributions of electric field strength

and potential for the gaps between flat electrodes
of 5 and 25 mm

Fig. 3 shows the potential profiles calculated with
the FemLab code (COMSOL, Inc., www.comsol.com)
[14] for the electrodes of 12 mm in diameter spaced
5 and 25 mm apart and located in the chamber of 56 mm
in diameter. In both cases it was assumed that the inter-
electrode voltage drop was 500 V. Correspondingly,
Fig. 4 presents the axial distributions of the potential
and the electric field strength between the same elec-
trodes. The figures demonstrate the linear pattern of the
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potential variation within the gap of 5 mm whereas the
field remains constant. However for larger gap of
25 mm between the electrodes the potential ceases to be
linear whereas the electric field strength is maximum
near the electrodes but it decreases fast when one de-
parts from their surface and possesses a minimum at the
central region.

The condition for gas breakdown within the flat gap

for the nonuniform field has the form [15]
L

[ E(2)]dz = In(1+1/7). (1)
0
In the electron avalanche propagating from the cath-
ode to the anode a certain number of ion-electron pairs
have to be produced. This number is determined only by
the secondary ion-electron emission coefficient and it
does not depend on the circumstance whether the break-
down occurs in the uniform or strongly nonuniform
field. The integral in formula (1) is exactly equal to the
value of the oL product corresponding to the break-
down voltage for this gap in the uniform field between
large flat electrodes. In weak electric fields the first
Townsend coefficient o

a= p~A~exp[—%). 2

rises with the growth rate increasing with E increasing
(A and B constants depend on ion species) and in very
strong fields its growth rate decreases. Fig. 5 shows how
the first Townsend coefficient divided by gas pressure
o/p and ionization ability of electrons n depend on the
reduced electric field E/p. The maximum ionization
ability of electrons is observed at the reduced electric
field value E/p = B. In Fig. 5 this value is shown with a
vertical line. The inflection point of the a.(£) function is
located at the value of the reduced electric field strength
Elp=B/2 and it is also shown in the figure.
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Fig. 5. First Townsend coefficient and ionization ability
of electrons against reduced electric field
To the right of the inflection point the non-distorted
breaking reduced field is E/p<B/2, and the redistribution
of the potential between the electrodes, if the voltage

between them U< is identical for the cases of
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uniform and nonuniform distributions of the electric
field, makes the conditions for the gas breakdown easier
because the enhanced field introduces a larger contribu-
tion into integral (1) than the weakened field subtracts.
To the left of the inflection point (E/p> B/2) the process
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of ionization multiplication is impeded because of the
redistribution of the electric field in the discharge gap
[16] and the breakdown voltage increases, what we ob-
serve in Fig. 1.

From the considerations outlined above one may
draw the following conclusion: the ionization process is
made easier in the nonuniform field at sufficiently high
pressure (to the right of the inflection point). Therefore
the right-hand branch of the breakdown curve for the
inter-electrode distance of 25 mm runs below that for
the distance of 5 mm.

Note also that the minima of the breakdown curves
for the gaps of 5 and 25 mm in Fig. 2 coincide despite
the fact that the axial profile of the electric field for the
larger gap is not uniform but it possesses a minimum at
the center of the inter-electrode gap. Consequently, the
electric field nonuniformity did not affect practically the
breakdown process under conditions of our experi-
ments. In discharge tubes with the electrodes spanning
over almost all its cross section the diffusion escape of
electrons to the tube walls plays a large role. Fig. 6 pre-
sents the breakdown curves for the inter-electrode gaps
of 5 and 25 mm for three different sets of electrode and
tube diameter values. In the first set the electrode and
tube diameter values were equal to 12 and 56 mm, re-
spectively (these curves are depicted above in Figs. 1
and 2). In the second set we employed the electrodes of
55 mm in diameter placed inside the tube of 56 mm in
diameter. The third set employed the electrodes of
12 mm in diameter placed inside the tube of 13 mm in
diameter. Note that in the second and third sets the elec-
trodes almost closed the cross section of the tube.
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Fig. 6. Breakdown voltage against pL product for the
gaps of 5 and 25 mm between flat electrodes for
different diameters of electrodes and tubes

From the data of paper [11] it follows that Paschen’s
law is valid when the inter-electrode distance L does not
exceed the diameter (double radius R) of the tube (elec-
trodes), i.e. for L/R < 2. This case is observed with the
second set when the maximum inter-electrode distance
did not exceed the radii of the tube and electrodes. In
longer tubes when inter-electrode distance exceeds the
tube and electrode radii noticeably, breakdown curves
minima are shifted to the range of larger breakdown
voltage values (what we observe in Fig.6), and
Paschen’s law ceases to be valid. In our case when the
inter-electrode distance around 4 times exceeds its radi-
us and the tube radius is 4.7 times larger than the elec-
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trode one, electron loss due to diffusion escape to the
walls practically does not play any role.

CONCLUSIONS

This paper reports the breakdown curves in nitrogen
its authors registered for two inter-electrode distance
values of 5and 25 mm, the electrode diameter was
12 mm, and the inner diameter of the discharge chamber
was 56 mm. We found that for flat electrodes the break-
down curves for different inter-electrode gap values
actually coincide when plotted to the U(pL) scale. A
conclusion may be drawn from them that under condi-
tions of these experiments (the inter-electrode distance
about four times exceeds its radius) Paschen’s law holds
despite the fact that the axial profile of the electric field
for a larger gap possesses a minimum at the center of
the inter-electrode gap. Consequently, the nonunform
pattern of the electric field distribution does not affect
practically the breakdown process. The discharge tube
radius exceeds 4.7 times the electrode one; therefore the
electron loss to the walls due to diffusion escape of
them plays no role for short gaps of 5 and 25 mm.
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BJIMSIET JIM HEOJHOPOIHOCTH MOCTOSHHOI'O SJIEKTPUYECKOI'O I10JIS1 HA ITIPOBOM I'A3A?
B.A. JIucoeckuii, P.O. Ocmaes, B./]. Ezopenkos

IIpencraBnensl pe3ynpTaThl UCCIENOBAHUN MPOOOS ra3a B HEOJHOPOIHOM MOCTOSHHOM 3JEKTpUUecKOM moje. M3mepeHsl
KPHBBIE 3aKHT'AHHS B a30T€ NI PACCTOSHUN MEXIy INIOCKHMH IEKTPOJaMH 5 U 25 MM COOTBETCTBEHHO, NPH THAMETPax K-
TpozoB 12 MM 1 kamepsl 56 MM. ITokazaHo, YTO B OTIANYME OT PE3YIbTATOB MPEIBIAYIINX UCCIECTOBAHUN C Y3KUM 3a30POM MEXK-
Iy SJIEKTPOJaMU M CTEHKOHW KaMephl KPUBBIC 3aXXWTaHMs IS Pa3IMYHBIX PACCTOSHUII NPAKTHYECKH COBIANAIOT, CIHM UX MO-
crpouth B Macitade U(pL). TIpu ycIoBUsIX JaHHBIX SKCIIEPHMEHTOB (PaCCTOSHUE MEXK/Y 3JIEKTPOAaMH IPHUMEPHO B 4 pasa mpe-
BBIIIAET UX PaJyc) BBIIOJIHIETCS 3aKoH [lamena, HECMOTpsI Ha TO, YTO OCEBOH NMPOQUIIE HEKTPUIECKOTO TIOJIS I OOJBIIero
3a30pa UMEeT MUHUMYM B LIEHTPE MPOMEXKYTKa MexkAy dnekrpogamu. CienoBaTenabHO, HEOAHOPOAHOCTh PaclpeeICHUs dIeK-
TPUYECKOTO MOJIS B JAHHBIX YCJIOBUSIX MPAKTHYECKH HE OKa3alla BIMSHUS Ha MpoLecc Mpodos.

YM BILJIMBAE€ HEOJJHOPIJHICTH IIOCTIMHOI'O EJJEKTPUYHOI'O IOJISI HA IPOBIN I'A3Y?
B.O. Jlicoécvkuii, P.O. Ocmacs, B./]. €Ezopenkxos

[Ipencrasneni pe3ynbTaTH AOCHIIKEHb MPOOOIO0 ra3y B HEOAHOPIAHOMY MOCTIHHOMY eNeKTpHYHOMY Noji. BumipsHi kpusi
3allaJIIOBAaHHA y HITPOTeHI AT BilcTaHel MiX MJIOCKUMH eNeKTpoJaMu 5 1 25 MM BiAOBIAHO, IPH JiaMeTpax eneKTpoaiB 12 mm i
kamepu 56 mm. ITokaszaHo, 10 Ha BiAMIiHY Bi Pe3yNbTaTiB MOMEPEIHIX AOCTIKEHb i3 BY3bKHUM 3a30POM MIX €IEKTPOJaMH i
CTIHKOKO KaMepH KPHBI 3aafOBaHHs sl Pi3HUX BiCTaHEH MPAKTHYHO 30iraroThes, Ko X modyaysatu B Maciutabi U(pL). 3a
YMOBaMH LIUX E€KCIIEPUMEHTIB (BIICTaHb MK €IEKTPOAaMH NMPUOIM3HO B 4 pa3y MepeBHIIye iX pajiyc) BUKOHYETHCS 3aKkoH [la-
IIeHa, He3BaXXAI0UX Ha T€, 0 OCHOBHH MPO]IIb ENEeKTPUYHOTO MOJS IS OUIBIIOTO 33a30py MAae€ MIHIMYM y LEHTPI IPOMIKKY
Mix enekTpogaMu. OTxe, HEOJHOPIAHICTh PO3NOALTY eIEKTPUYHOTO MOJIS 32 JAaHUX YMOB IIPAaKTUYHO HE MaJla BIUTMBY Ha IpoLeC
po0oro.

214 ISSN 1562-6016. BAHT. 2015. Ne4(98)



