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The paper examined the stochasticity of the random variable electrical breakdown of
electronegative gases (SF¢ gas) in homogeneous, inhomogeneous, and highly inhomogeneous
electric fields. These tests indirectly allowed for the assessment of the homogeneity of the in-
sulating properties of the electronegative gas within the inter-electrode space. Tests were con-
ducted at pressures ranging from 10-3 bar to 5 bar and an inter-electrode distance from
0.1 mm to 5 mm. During the test, it was established that the insulation with electronegative
gas is inhomogeneous in the inter-electrode space. This inhomogeneity is explained by the
high affinity of SF, gas for forming negative ions. To prevent the occurrence of
inhomogeneity in the insulation with electronegative gas, o and y radiation were applied. The
increase in the number of free, potentially initial electrons contributed to homogenization of

the insulation with the electronegative gas.
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INTRODUCTION

Electrical breakdown of gases occurs due to the
collision of electrons with gas molecules. These colli-
sions create positive ions and free electrons, which can
result in the establishment of a maintenance mecha-
nism. The established, self-sustaining discharge is
controlled by collisional processes involving charged
particles and their transport properties. The develop-
ment of the breakdown process is highly dependent on
the relative efficiency of the mechanisms of the cre-
ation and loss of free electrons [1-3].

Electron ionization is the basic elementary pro-
cess of all electrical phenomena in gases. In the case of
electronegative gases (SF, gas), the ionization process
is associated with the dissipation of molecules. This
results in the creation of new free electrons, as well as
negative and positive ions. The presence of negative
ions complicates the mathematical modeling of elec-
tric discharge in SF4 gas. For this reason, the first pri-
mary Townsend ionization coefficient« is replaced by
the net ionization coefficient a-7n, where 7 is the at-
tachment coefficient (the number of electrons attached
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to electronegative atoms or molecules per unit path in
the direction of the electric field) [4, 5]. The secondary
townsend coefficient y plays a crucial role in the
self-maintenance of the electric discharge. This coeffi-
cient is determined by the number of secondary elec-
trons generated per primary avalanche [6].

Since the ionization process depends on the
presence of free electrons, which are scarce in SF gas,
the aim of this work is to establish the influence of ion-
izing radiation on the statistical behavior of the ran-
dom variable electric breakdown in SF, gas.

ELECTRICAL BREAKDOWN OF
ELECTRONEGATIVE GASES

The self-sustainability of electric discharge in
gases is achieved by positive feedback which is deter-
mined by the value and nature of the secondary
Townsend coefficient. If secondary effects on the elec-
trodes (ion burst, photoemission, metastable burst) are
dominant, the breakdown occurs via the townsend
mechanism. Conversely, if secondary effects in the gas
(ionization by positive ions, photoionization, and ion-
ization by metastable states) dominate, the breakdown
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follows via the streamer mechanism [6, 7]. There are
analytical expressions that enable the calculation of
the minimum value of the electrical breakdown by the
Townsend and streamer mechanism. Such a calcula-
tion requires knowledge of the dependence of the pri-
mary Townsend coefficients on the ratio of electric
field values to gas pressure. It is also necessary to
know the value of the electric field at each point of the
inter-electrode space. The minimum values of the
electrical breakdown obtained by such calculations
correspond to the value of the electrical dc breakdown
[8, 9].

The electrical breakdown of the SF, gas occurs
when a plasma cloud composed of electrons and nega-
tive ions moves toward the anode. This plasma cloud
is followed by successive clouds initiated by second-
ary Townsend processes. As this series of plasma
clouds progresses through the inter-electrode space, a
breakdown occurs [10]. Figure 1 illustrates the
time-dependent increase in voltage that enables the
breakthrough. Here Up is the minimum value of the
breakdown voltage, £ — the static time (the time that
elapses from the moment when the rising voltage
reaches the moment when the first initial electron ap-
pears), #; — the time of avalanche formation (the time
that elapses from the appearance of the initial electron
of the first avalanche to the main discharge), and #; —
the formation time (the time that elapses from the
bridging of the inter-electrode distance by the con-
ducting channel to its thermal ionization).

STOCHASTICITY OF A RANDOM
VARIABLE ELECTRICAL BREAKDOWN
OF AN ELECTRONEGATIVE GAS

Based on fig. 1 it is clear that the source of the
stochasticity of the gas breakdown value lies in the
stochasticity of the statistical time #g. This is particu-
larly pronounced in SF, gas, where the number of free
electrons is minimal due to the affinity of gas mole-
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cules for forming negative ions. Therefore, for the ini-
tial electron (the electron that initiates the avalanche
process) to be generated, a free electron must be posi-
tioned to trigger the ionization avalanche. This means
that the free electron should be located in a part of the
inter-electrode space where it can gain energy from the
electric field that is higher than the bond energy of the
electron in the gas molecule over one mean free path
length. That part of the inter-electrode space is called
the critical volume [11, 12]. Based on this, it can be
concluded that the stochastic nature of the random
variable electrical breakdown of gas, particularly in
SF gas, depends on the degree of inhomogeneity of
the electric field in the inter-electrode space. The ava-
lanche construction time # and formation time #; can
conditionally be considered deterministic quantities.

Since the statistical time depends on the number
of free electrons and the size of the critical volume, the
influence of these two parameters on the stochasticity
of the random variable electrical breakdown was ex-
amined. The test was conducted using an experimental
procedure, and experimentally obtained results were
analyzed using statistical methods.

In addition to standard statistical methods, the
volt-secondary characteristic (impulse characteristic)
is useful for examining the stochasticity of the electri-
cal breakdown of gases [13-15]. The volt-secondary
characteristic can be expressed analytically based on
the assumption that the ionized gas in the inter-elec-
trode space moves at a speed proportional to the value
of the electric field

v(x,1) = k[E(x,t)=Epc] @)

where, k is a constant that depends on the mechanism
of electrical discharge and voltage polarity and Epc —
the minimum value of the breakdown voltage.

On the condition that the space charge in the
inter-electrode space is neglected, it can be written

E(x,t) =u(t)g(x) (@)

Figure 1. The time course of the
rising voltage u(?) that caused the
breakdown
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Figure 2. Illustration of the law of surface
constancy in the voltage-time plane

where u(?) is the time dependence of the applied voltage
and g(x) — the spatial dependence of the electric field
(depending on the electrode configuration. The mo-
ment when the Townsend electric discharge mechanism
changes to the streamer mechanism [16, 17], we get

1xk dx _’1“1( B
e j (u(t)-Upc)dt 3)

where xy is the point in space where the Townsend
mechanism turns into the streamer mechanism and ¢, +
t; — the corresponding moment, with ¢, indicating the
time when the voltage u(7) reaches the minimum value
of the breakdown voltage Upc.

The right side of the expression represents the
area under the time dependence of the applied voltage
and the minimum value of the breakdown voltage,
fig. 2. The left side is the spatial integral that has a con-
stant value. Since the left side of the expression does
not depend on the applied voltage but only on the insu-
lation parameters, it can be concluded that the value of
the area represented by the right side of the expression
is constant for a given gas-insulated electrode configu-
ration at constant pressure

L+t
[ (u(t)=Upc )di = 4 =constant 4)

4

The expression makes it possible to determine the
volt-secondary characteristic of a gas-insulated electrode
configuration based on a statistical sample of the random
variable electrical breakdown, obtained through a volt-
age with a precisely determined time dependence.

EXPERIMENTAL SET-UP

The experimental results were processed
through the following steps: (1) formation of statisti-
cal samples based on 100 consecutive measurements
of the random variable, (2) testing all statistical sam-
ples for belonging to a unique statistical distribution,

(3) using graphical methods, 2 test, and Kolmogorov
test to examine the adherence of the statistical sample
to normal, Weibull double-exponential, and logarith-
mic distribution, (4) determining the statistical distri-
bution with the smallest statistical uncertainty for the
examined statistical sample by applying the methods
of central moments and maximum reliability, and
(5) determining impulse characteristics for 0.1 % and
99.9 % quantile probability based on the adopted sta-
tistical distribution.

In the previous chapter, it was stated that the sto-
chastic nature of the random variable electrical break-
down is determined by the stochasticity of the statistical
time. This stochasticity is influenced by the appearance
of a free electron that meets the conditions to become an
initial electron, which is determined by the ratio of the
voltage rise time to the characteristic time of the elec-
tronic processes involved in the elementary processes
of electric discharge in gases. Moreover, the stochastic
nature of electrical breakdown as a random variable de-
pends on the concentration of free electrons in the gas,
and the ratio of'the critical volume to the total volume of
the inter-electrode space. For this reason, the parame-
ters of the experimental procedure included the voltage
rise time, ionizing radiation of the inter-electrode space,
and the shape of the electric field.

The voltage rise time was altered by changing
the parameters of the output circuit of the Max's type
pulse generator. A simplified scheme of the output cir-
cuit for forming pulses is shown in fig. 3 and an inte-
gral high voltage source in fig. 4.

Figure 5 shows the chamber used for the experi-
ments. The chamber was flexible, allowing for adjust-
ments to the gas pressure (electronegative SF, gas), the
electrode sheet, and the inter-electrode distance. Also, it
was possible to change the sheet and the direction of the
ionizing radiation. The changes in gas pressure, type of
electrodes and inter-electrode distance were performed
according to the standard procedure [18, 19]. The manip-
ulation with ionizing radiation was based on the ionizing
radiation carrier, as depicted in fig. 5(b) [20]. During this
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process, sources of o radiation (**'Am; 2012, 1.11 GBq)
and y radiation (®°Co; 2015. 37.8 GBq) were used. The
chamber shown in fig. 5 was used to determine the geo-
metric distance from the source to the electrode. This
measurement was carried out using the setup shown in
fig. 5(d), where a Ge detector, cooled by liquid nitrogen,
was placed under the same He pressure instead of the
cathode.

The shape of the electric field was altered by
changing the electrodes and the inter-electrode dis-
tance. By combining the electrodes shown in figs. 6(a)

and 6(b), it is possible to shift from a homogeneous to
an inhomogeneous and a pronounced inhomogeneous
electric field, as depicted in figs. 6(c) and 6(d). The
inter-electrode distances were adjusted from 0.1 mm
to 5 mm. The SF gas pressure varied from 1073 bar to
5 bar. During the adjustments of the inter-electrode
distance and the gas pressure, the type B measurement
uncertainty remained below 1 %.

The experimental procedure was conducted under
maximally controlled laboratory conditions. Modern,
certified measuring equipment with known measure-
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Figure 5. Chamber and carrier of ionizing radiation;
(a)—scheme of the chamber, (b) —scheme of the carrier
of ionizing radiation, (c) — photograph of the chamber,
and (d) — chamber for determining the trajectory and
neutron spectrum of the AmBe source in He (together
with the Ge detector cooling system)

ment uncertainty was used. All external influences on the
measurement results were eliminated during the mea-
surements [21, 22]. The combined measurement uncer-
tainty of the experimental procedure was less than 5 %.

RESULTS

Figure 7 illustrates the dependence of the ratio of
the statistical deviation to the mean value of the statis-
tical sample of the random variable electrical break-
down on the voltage rise rate. The parameters of the
experiment included the shape of the electric field and
the pressure of the SF, gas.

Based on the results shown in fig. 7, it can be
concluded that at low rates of voltage rise, the random
variable electrical breakdown exhibits little (or no)
dispersion for a homogeneous electric field. For an
inhomogeneous electric field, there is a statistical de-
viation in the random variable electrical breakdown.
For all investigated electric fields, both the statistical
dispersion and the mean value of the random variable
for electrical breakdown increase as the rate of voltage
rise increases. In a homogeneous field, this relation-
ship takes the form of a parabola, whereas in
inhomogeneous and highly inhomogeneous field, the
observed dependence is linear. All observed depend-
encies are more pronounced at lower pressures and
lower overpressure values compared to higher
overpressure values.

The results shown in fig. 7 can be explained by
the ratio of the rate of voltage change to the rate of ele-
mentary processes of electric discharge in gases. Spe-
cifically, for low voltage rise rates, all elementary elec-
tric discharge processes in gases occur at a constant
voltage value. Therefore, the statistical time shown in
fig. 7, is negligible. This means that breakdown occurs
at the minimum value of the random magnitude of the
breakdown voltage. This is true for a homogeneous
field. However, this is not the case for an
inhomogeneous field. In an inhomogeneous electric
field (especially a highly inhomogeneous one), the
critical volume is small, so the appearance of a free
electron in critical volumes is a stochastic quantity.
This phenomenon is more pronounced at low pressure
of SF¢ gas, due to the fact that low pressure implies low
density and, consequently, a low concentration of free
electrons.

Based on the results shown in fig. 7, it was de-
cided to examine the statistical nature of the observed
stochasticity of the random variable electrical break-
down at a voltage rise rate of 10" V/s (100 kV/ps).
Statistical samples of the random variable electrical
breakdown obtained by voltages with a rate of in-
crease of 100 kV/us were examined for belonging to
the normal distribution, the Weibull three-parameter
distribution, the double-exponential distribution, and
the logarithmic distribution. The obtained results with
the smallest statistical uncertainty were adopted as
representative distributions for the observed random
variable.

Table 1 shows the obtained statistical distribu-
tions with the corresponding minimum value of the
statistical uncertainty for quantities, typically repre-
sented by the three-parameter Weibull distribution.
Statistical uncertainty was determined using the modi-
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Figure 6. Drawings of electrodes used
to form homogeneous (electrode
a/electrode (a), inhomogeneous (elec-
trode a/electrode (b), and strongly
inhomogeneous electric field (elec-
trode b/electrode (c); a — Electrode of
the Rogowski shape, b — Spike-shaped
electrode; ¢ — Highly inhomogeneous
field, and d — inhomogeneous field

fied Kolmogorov test. Calculations were based on the
level of significance [21].

Confirmation of this interpretation is the statisti-
cal random variables electrical breakdown shown in
figs. 8 and 9 and tab. 2.

Comparing the obtained results with similar
findings for electropositive and noble gases [22-24],
reveals that the insulating medium in SF gas is not ho-
mogeneous. This conclusion is drawn from the obser-
vation that in SF, gas, the random variable electrical
breakdown behaves according to the three-parameter
Weibull distribution. Since inhomogeneity is not a de-
sirable feature of insulation, applying ionizing radia-
tion in the inter-electrode space has been shown to
achieve homogeneity in insulation with an SF, gas.
This effect is due to a significant increase in the num-
ber of free electrons in the inter-electrode space and
the elimination of the ion absorption in
electronegative gases. Such an effect would be benefi-
cial for power plants insulated with SF, gas.

The findings, shown in tabs. 1 and 2 and fig. 8
best confirm the impulse characteristics determined
based on expression 4 and illustrated in fig. 9.

CONCLUSION

Considering the stochastic nature of the random
variable electrical breakdown of an SF, gas within homo-
geneous, inhomogeneous, and strongly inhomogeneous
fields, it was revealed that the insulating gas behaves as

inhomogeneous insulation. Such behavior of gas insula-
tion violates the basic property of homogeneity. The
inhomogeneity in the insulation characteristics of SF, gas
is attributed to the small number of free electrons and the
abundance of negative ions. This phenomenon results in a
broader range of impulse characteristics between 0.1 %
and 99.9 % probability quantiles, which is highly unfavor-
able for the application of SF4 gas insulation. However,
this negative effect can be mitigated by using @ and y radi-
ation.
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Buoaera C. MAJIAIIL, T'opan b. IIOITAPUH

YTUHAJ JOHU3YIYREI' X U Y 3PAYEILA HA CTATUCTUKY CIYYAJHO
INNPOMEH/BUBE EJEKTPUYHOI ITPOBOJA EJIEKTPOHETATUBHUX I'ACOBA

Y pagy je WcIMTEBAaHA CTOXAaCTHYHOCT CIy4dajHE MPOMEHJBHBE MPOOOJHOT  HAIOHA
eJIeKTpOHeraTBHIX racosa (SF; rac) y XoMOreHOM, HEXOMOI'€HOM M M3Pa3UTO HEXOMOTEHOM €JIEKTPUIHOM
nosby. To ucmuTHBamkE je TOCPETHO OMOTYHRIIIO [a ce MCIUTa XOMOT€HOCT M30IAlMOHUX OCOOMHA eIIEKTPO-
HETaTHBHOT raca y MehyesexTpoasom npocropy. MicnutuBama cy BpuieHa npu nputucipmMa oft 10~ 6apa 1o 5
6apa n MmebyenekTpomHoM pactojamy off 0,1 mm o S mm. TokoMm ncnmTrBama je yCTaHOBILEHO /1 je n301almja
€JIEKTPOHETaTUBHUM TracoM HexoMoreHa y MmebyenekrpomnoMm mpocropy. To je oOjalIbeHO BETUKUM
acuHUTETOM 32 CTBapameM HeraTuBHUX joHa SF, raca. [la 6u ce m30ersa nojaBa HEXOMOTE€HOCTH U30JIaldje
€IIEKTPOHETaTUBHAM TacoM, NMIPUMEHEHO je o U y 3pademe. [loBehame 6poja cllOOOAHMX, MOTEHIMjATHO
MHUIIYjaTHUX, eJIEKTPOHA j€ XOMOTEHU30BAJIO N30JIAIN]Y IeKTPOHETATUBHIAM TaCOM.

Kwyune peuu: xomozeHociu uzoaavuje, eaexiiponezailiuéan 2ac, ClloXaciludKu upuciiyi,
jonugyjyhe 3pauerve



