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The possibility of the classical response rate engineering and the long-term deconditioning of
the gas-filled surge arresters is considered in this paper. The obtained results are compared
with the same results obtained with the gas-filled surge arrester with application of an alpha
radioactive source. The work is of an experimental nature. Experiments were performed on
the multipurpose gas-filled surge arrester model under well-controlled conditions. The mea-
surement uncertainty of the experimental procedure was less than 8 %. The results were pro-
cessed by statistical data processing software. To draw impulse characteristics, the law of con-
stancy of surfaces below the impulse voltage in the volt-second area, was used.
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INTRODUCTION

The increasing contamination of the environ-
ment with the high-frequency ionizing radiation and
the trend towards miniaturization of electronic,
multilayer, densely packed, electronic components ex-
tremely highlights the problem of overvoltage protec-
tion at a low voltage level. The overvoltage protection
at the low voltage level is performed by the drain di-
odes (a type of Zener diode), the varistors, and the
gas-filled surge arresters (GFSA). These components,
which are connected in parallel to the shielded elec-
tronic component (or electronic structure), have the
task of applying an overvoltage (voltage that is higher
than the maximum withstand voltage of the protected
component or assembly) to the grounded level. For
this reason, the overvoltage protection components
are sometimes called parallel (voltage) fuses [1-3].

The basic characteristics expected from the insu-
lation co-ordination components at the low voltage
level are: the response speed and the stability of the
nominal values during the exploitation. Namely, the
response speed is the most important characteristic of
the overvoltage protection component. It should be
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current, i. e. it should not allow the entry even of a per
mille of the overvoltage in the protected component.
As engineering disciplines do not recognize
promptness in the reaction, this problem s, in practice,
solved by more flexible approaches to the nominal val-
ues of the protected voltage and the operating voltage
of the arrester. It is obligatory to provide a certain
value of the voltage that the protected element will
withstand, even if it is a little higher than the nominal
(maximum allowed) value. Stability of nominal values
during operation is necessary because the components
for the overvoltage protection, especially the semicon-
ductors, are integrated so that their failure means at the
same time the failure of the whole assembly [4, 5].
The overvoltage protection components cannot
be classified by quality. The drain diode has the fastest
response, close to the current value, but it is, unfortu-
nately, the most sensitive to the intensity of the drain
power. This means that the drain diode is almost exclu-
sively disposable. The varistor is a component of sto-
chastic characteristics. It consists of a large number of
chaotically arranged diodes. It works in such a way as
to discharge voltage through the stochastically estab-
lished Euler path. This, of course, has the disadvantage
that after several operations, these paths intersect and
interrupt. In addition to such destruction of the
varistor, the selected surge protections are not com-
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posed of the same number of stochastic diodes with the
same characteristics, so the varistor as a surge arrester
is not very reliable at low voltage. Varistors for insula-
tion co-ordination are, as an idea, taken from high volt-
age insulation co-ordination, where under the name
zinc oxide arrester, the gas-filled surge arrester is ex-
tremely often used, which are also taken from the low
voltage insulation co-ordination, have the opposite
layout of the disadvantages and of what makes them
advisable. Their response speed is their biggest disad-
vantage, and an almost unlimited number of runs is
their advantage. Of course, there is a disadvantage in
this infinity of the number of operations in terms of the
stability of the operating point. However, with an engi-
neering-acceptable solution, the operating point can
be conditionally stabilized. The problem of the slow
response is more difficult to solve because the princi-
ple of operation of gas-filled surge arresters is based
on the mechanism of the electrical discharge in gases
(electric breakdown) in which the mobility of ions (or
atoms) of the gas plays an active role. Since the mass of
ions (or atoms) of a gas is at least 2000 times greater
than the mass of an electron, it is logical that the re-
sponse speed of the gas-filled surge arresters is signifi-
cantly longer than the speed of the semiconductor
surge arresters based only on free or bound electrons.
In addition to the slow-motion of the ions, as an
important element in the functioning of the gas-filled
surge arresters, there is the initiation of the electrical
breakdown that will end in a self-sustaining process
[6-8].

Namely, in each gas, there is a large number of
free electrons, formed by a thermal process or by the
collision processes of constitutive gas particles from
the high-energy tail of the Maxwell spectrum, or by the
collisions of the constitutive gas particles in the
interelectrode state. However, free electrons alone are
not enough to start the self-sustaining process of gas
discharge. In order for it to occur, the free electron
should be located in an energetically favorable place,
where it can absorb enough energy from the electric
field at one mean free path length, to perform ioniza-
tion in the next collision [9, 10].

A volume that meets this condition is called a
critical volume. In order for the process of creating
electrons that will start (initiate) the electrical break-
down between the electrodes of the gas-filled surge ar-
rester (the high-voltages and the grounded), the num-
ber of free electrons should be accelerated and the
critical volume should be as large as possible. In order
for the critical volume in the gas surge arrester to be as
large as possible, it is necessary to choose such arrester
electrodes that they form a homogeneous electric field
(then the entire volume of the arrester is the critical
volume). To make the number of free electrons be as
high as possible, additional ionization should be in-
duced in the homogeneous field of the arrester (in ad-
dition to the previously mentioned mechanisms). Ini-

tially, this problem was solved by inserting a **' Am al-
pha source inside the gas-filled surge arrester. This
proved to be very efficient since @ source performs a
high ionization density, and in addition, has a low en-
ergy deexcitation component. In that sense, with not a
very widespread application, it would be a great solu-
tion. Well-placed sources of o radiation inside the
gas-filled surge arrester, i. e. well-focused, they solved
another disadvantage of the gas-filled surge arresters.
Namely, the gas-filled surge arresters have so-called
long-term deconditioning as a significant disadvan-
tage. Long-term deconditioning boils down to the fact
that after a long standstill (of the order of the day), the
first few values of breakdown voltages can be up to
40 % higher than the following ones. Fortunately, pro-
longed downtime does not happen often, but if it does,
it certainly leads to the destruction of the protected
electronic circuit. By solving, so said, all the short-
comings of the gas surge arrester with o radioactive
source, it led to the almost exclusive production of this
type of gas surge arrester. However, the exponential
growth of usage of the gas-filled surge arresters, with
o radioactive source without regulations for its moni-
toring and disposal, has called into question the ac-
ceptability of this solution for optimizing the charac-
teristics of the gas-filled surge arresters [11-14].

The aim of this paper is to examine the other
technological and physical possibilities of accelerat-
ing the response of the gas-filled surge arrester and the
long-term deconditioning, while avoiding the use of a
radioactive source and/or at least creating a safe proto-
col for their application where it is necessary [15].

THE FUNCTIONING MECHANISM
OF THE GAS-FILLED SURGE
ARRESTERS

The gas-filled surge arrester is a two-electrode
system insulated with a noble gas located in a sealed
chamber, fig. 1. The electrode system is, most often,
such as to form a homogeneous electric field. The
interelectrode distance is very small (of the order of
mm, and less). Insulating gas is at a high vacuum (of
the order of magnitude in the sub mbar' area)[16, 17].

The gas-filled surge arrester operates on the
principle of electrical breakdown, i. e. one of its elec-
trodes is located at a point that is protected against the
overvoltage, and the other is grounded. When the
value of the voltage at the protected point is raised
above the nominal value of the breakdown voltage of
the gas arrester between the electrodes, a gas break-
down occurs, and the protected point is grounded (thus
protecting everything behind it from overvoltage).
The gas breakdown mechanism itself'is a self-sustain-
ing multiplicative mechanism. The gas breakdown is

' 1 mbar = 100 pascals
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Figure 1. The commercial gas-filled surge arrester [18]

initiated when one free electron at the mean free path
length gains enough energy to ionize a neutral mole-
cule (or gas atom). In that case, that free electron be-
comes initial. The space volume in the electric field
where this process takes place is called the critical vol-
ume. In order to make such initiations to lead to a
breakdown, the process of the gas multiplication
should be self-sustaining. If the processes on the elec-
trodes are responsible for the self-maintenance of the
multiplicative mechanism, the breakdown occurs by
the Tausend mechanism. If the processes in the gas are
responsible for the self-maintenance of the multiplica-
tive mechanism, the breakdown occurs through the
streamer mechanism. The gas-filled surge arresters
works, most often in the area of the Tausend break-
down mechanism [19, 20].

The electrical breakdown can be DC, AC, and
impulse. The DC breakdown is achieved by a voltage
whose rise time is significantly longer than the time
characteristic of the elementary processes of the elec-
tric gas discharge [21, 22].

The same situation is in the case of the ac gas
breakdown. The impulse breakdown voltage of the
gas is realized by an increasing voltage whose rise
time is of the order of magnitude of time characteristic
of the elementary processes of the gas-electric dis-
charge. The DC and AC breakdown voltage values
are, almost completely, the deterministic quantities (i.
e., when measuring them, the measurement uncer-
tainty of type A is zero or very close to zero). The im-
pulse breakdown voltage is a stochastic magnitude of
significant dissipation (i. e. when measuring the im-
pulse breakdown voltage, the measurement uncer-
tainty type A significantly participates in combined
measurement uncertainty) [23-25].

Based on the kinetic theory of gases, the value of
the breakdown voltage unambiguously depends on the
product of pressure and interelectrode distance
(so-called pd values). This is true, completely, for the
values of DC and AC breakdown voltages since they
are deterministic quantities. The dependence of the
DC breakdown voltage on the product pd is called the
Paschen curve. The Paschen curve is an asymmetric U
curve which is limited on the left side by the appear-
ance of the vacuum breakdown. The operating point of
the gas surge arresters is usually placed near the mini-

mum of the Pashen curve on the right side. In case of
the gas surge arresters, the value of the impulse break-
down of the surge is characterized by the so-called im-
pulse characteristic. The impulse characteristic repre-
sents the dependence of a certain quintile probability
of the impulse breakdown on time. In practice, two
such dependencies were given (for example, for
quantiles of 0.1 % and 99 %) and they limit the area in
the voltage-time plane in which each value of the im-
pulse breakdown voltage is located (with a
predetermined probability) [26, 27].

The gas-filled surge arrester has primarily to
protect electronic components from the overvoltages
that are a consequence of atmospheric discharges,
commutation actions, and irregularities in the voltage
shape (deviations from the sinusoid and the appear-
ance of higher harmonics). All these forms of the volt-
age are most closely reduced to the impulse voltage.
This means that in order to increase the efficiency of
the GFSA, it should be ensured that its impulse charac-
teristics are as parallel to the time axis as possible and
that the distance between the impulse characteristics
of the small and large quantiles of the breakdown
probability is as small as possible. In addition, the oc-
currence of the long-term GFSA deconditioning and
the stability of its operating point should be minimized
[28].

In order to achieve such engineering, the parame-
ters are available on which the electrical breakdown of
the gas depends: type of gas, pressure, interelectrode dis-
tance, electrode material (output, melting temperature,
and thermal conductivity) and topography of electrode
surfaces [29, 30].

EXPERIMENT AND PROCESSING
OF THE MEASUREMENT RESULTS

The experiments performed in this paper aimed
to determine whether there is an alternative to radioac-
tive radiation application in the GFSA. For that pur-
pose, the experiments were conducted with the
two-electrode and three-electrode GFSA models. In
the two-electrodes GFSA model, the influence of the
hollow cathode and the electron material on the im-
pulse characteristics of the GFSA was considered. The
influence of the third, floating electrode on the
long-term GFSA deconditioning effect was consid-
ered in the three-electrode GFSA model. For the pur-
pose of comparison, in parallel and under the same
conditions, researches of the influence of o radioac-
tive radiation on the same characteristics were per-
formed.

Figure 2 shows the models of the used chambers.
The chambers were designed to be flexible in terms of
changing the parameters: the -electrode, the
interelectrode distance of the gas (or gas mixture), and
the gas pressure. The interelectrode distance was ad-
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Figure 2. The gas surge arrester gas chamber model

justed with an electronic micrometer screw. The zero
distance between the electrodes was adjusted by
measuring the resistance. Helium gas was used as
the insulating gas in the model, and a gas mixture of
0.95 He + 0.05 SF¢ was also used. A gas circuit was
used to fill the model with He gas and the gas mixture,
fig. 3. The ratio of gases in the mixture was adjusted
based on the law of the partial pressure additivity. The
pressures in the chambers were determined to corre-
spond to the pressure at 0 °C. Before adjusting the
working gas pressure in the chambers, they were re-
peatedly washed with He. The sealing of the chambers
was extremely good (could not establish a pressure
change on a monthly basis).

To obtain the impulse characteristics, the DC
source (the voltage rise rate 8 V(s)" and the impulse
source, fig. 4 were used. The impulse source gave
pulses, approximately to the linear rise, at speeds
of 1kVs™, 5kvs™, 10kVs ™, 50kVs", 100kVs™,
200kVs ™, and 500 kVs ™. The impulse voltage ampli-
tude was always significantly higher than the expected
value of the impulse breakdown voltage. The break-
down voltage values were measured with a compen-
sated capacitive voltage divider and a 500 MHz digital
oscilloscope. During the measurement, the measuring
instruments were placed in a protective cabin (protec-
tion greater than 100 dB) and galvanically separated
from the capacitive divider.

For the electrode system formation, the cylindri-
cal electrodes with the upper surface of the Rogowski
profile were used, fig. 5. The electrodes were made of
brass, and for testing the influence of the electron ma-
terial to the breakdown, the same shape electrodes s
were made of: aluminum, electron alloy, and tungsten.
The electrodes with a cavity in the cathode were also
used to examine the hollow electrode effect (the diam-
eter of the cavity was always significantly larger than
the mean free path length of the electron under experi-
mental conditions). In addition to these electrodes, the
brass electrodes with a cavity in the cathode that was
coated with an electron alloy were also used. In addi-
tion, the possibility of placing a **' Am radioactive
source so that o radiation was directed at the cathode,
was examined. Before each series of measurements,
the electrodes were polished to a high gloss.

The measurement procedure consisted of the
following steps: 1 — the electrode configuration for-
mation, 2 —filling the chamber with the working gas,
3 —measuring 20 values of the dc breakdown voltage,
4 — measuring 50 values of the impulse breakdown
voltage, and 5 — setting new parameters of the GFSA
model and repeating measurements. The combined
measurement uncertainty of the experimental proce-
dure was less than 8 % [31-34]. The processing of the
measurement results was different in the case of exam-
ining the influence of the parameters of the GFSA
model insulation system on the impulse characteristic
and on the long-term deconditioning effect. In the case
of examining the impulse characteristics, the process-
ing of the obtained experimental results was per-
formed in the following steps: 1 — application of the
Chauvin criterion for rejecting the suspicious mea-
surement results, 2 — determining the affiliation of sto-
chastic values of the impulse breakdown voltages
from the statistical distributions of minimum values (i.
e. exponential, two- and three-parameter Weibull dis-
tribution) and Normal distribution, Xz test, 3 —determi-
nation of the obtained parameters distribution by the
moment method, and 4 — drawing the impulse charac-
teristics for 99.9 % and 0.01 % of the probability

Figure 3. The gas circuit scheme;
1 — chamber, 2 — SF6 gas,

3 — noble gas, 4 — vacuum gauge,
5 — two position valve,

6 — air, 7 — manometer,

8 —irradiation, 9
9 — vacuum pump,
10 — precision vacuum gauge
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Figure 4. Circuit for generating and measuring impulse voltage

Figure 5. The basic electrodes Rogowski type used in the
experiment

quantile of the obtained statistical distribution by ap-
plying the law of surface constancy under impulse in
voltage-time area. In the case of examining the influ-
ence of the GFSA model parameters on long-term de-
contamination, the first three steps were the same.
However, the measurement procedure itself was per-
formed with a break of 1 hour, 12 hours, 24 hours, 5
days, 10 days, 20 days, 30 days, and 45 days. The sam-
ples of the random variable impulse breakdown volt-
age thus obtained, were obtained on chronologically
arranged subsamples of five random variable impulse
breakdown voltages, normalized to the mean value of
the impulse breakdown voltages. By analyzing the sta-
tistical sample thus obtained, data on the quantitative
indicator of long-term deconditioning of the GFSA
model, can be obtained.

RESULTS AND DISCUSSION

Figure 6 shows the impulse characteristics ob-
tained for the application of: the brass electrodes, the
brass electrodes with a hollow cathode (the electron al-

loy coated cavity), and the brass electrodes with a
hollow cathode (the electron alloy coated cavity) and a
radioactive source, *' Am.

The results shown in fig. 6 were chosen from lots
of results and represent the standard impulse charac-
teristics (the brass electrodes) and their obtained im-
pulse characteristics without the use of radioactivity
(the brass electrodes with a hollow cathode where the
cavity is coated with an electron alloy) and the impulse
characteristics obtained using a radioactive source
! Am. Based on the impulse characteristics shown in
fig. 6, it can be concluded that the response accelera-
tion obtained by electrode effects engineering gives
good results which, however, lag behind the results
given by the application of the same engineering in
combination with the radioactive a source.

It turns out that it is difficult to optimize the
shape of the impulse characteristic by applying differ-
ent materials. This is due to the fact that the material
for the GFSA electrodes should meet three conditions:
the low work output, the high thermal conductivity,
and the high melting point value. Such a material does
not exist among elemental metals, nor among known
alloys. However, the application of the electron alloy
coated cavity has been shown to give very good re-

U [%]
600

400

200

05 1 15 2 25 3 35 4 ths

Figure 6. The impulse characteristics obtained by the
growth law and the experimental results with an impulse
of speed 100 kV(us)™', Pd = 10 mbar mm, — brass
electrodes, O brass electrodes with cavity coated electron
and ® ¢ radioactivity in the chamber
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sults. These results are a consequence of the hollow
cathode effect which multiplies the number of free
electrons and the cold emission effect from the elec-
tron alloy which favors this emission with an ex-
tremely small value of the output work. In that way,
only the good effect of the electron alloy is used, and
the bad effects in terms of the value of thermal conduc-
tivity and melting point do not come to the fore. Quan-
titative indicators of the influence of individual param-
eters of the GFSA insulation system on its response
speed, are given in tab. 1. Table 1 shows the mean val-
ues of the random variable, obtained for the various
impulse voltage velocities, normalized to the mean
value of the random variable impulse breakdown volt-
age, obtained by the impulse rate, increases of  kVs ™.

According to the data from tab. 1, it can be seen,
that by the engineering of the GFSA insulation charac-
teristics, a satisfactory result is achieved at impulse
speeds up to 100 kVs™'. For higher speeds, the solu-
tions obtained by this engineering do not meet the
strict conditions of the overvoltage protection, so, the
only possible solution (at today's level of technologi-
cal possibilities) is to insert an « radioactive source
into the chamber. The radiation from this source
should be collimated to the cathode surface. With such
a solution, results are obtained for the response speed
that meets the strictest overvoltage protection condi-
tions.

Figure 7 shows the dependence of the mean
value of the first five values of the impulse breakdown
voltage, normalized to the mean value of the impulse
breakdown voltage (with the constancy of the other
parameters of the experiment). Figure 8 shows the
mean value of five chronological values of the impulse
breakdown voltage, of the normalized mean value, of
the impulse breakdown voltage, of their sequence with
the time, of deconditioning as a parameter. Table 2
gives an overview of the dependence of the ratio of the
first five breakdowns of the impulse voltage, normal-
ized to the mean value on the experimental parameters.

Based on the results obtained experimentally, it
can be concluded that deconditioning enters saturation
after 10 days and cannot be completely eliminated by
the engineering of the electrode system. By far the best
results are achieved as a synergistic effect of the best
engineering result with the use of a radiation sources
collimated to the cathode surface. This is the result of
the ability to prevent cathode conditioning (i. e., re-
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Figure 7. The mean value of the first five breakdowns
depending on the impulse rate normalized to the mean
value of 50 chronological breakdowns after 10 days of
deconditioning, ® brass electrodes, O brass electrodes
with the electron alloy coated cavity, and * o
radioactivity in the chamber
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Figure 8. The mean value of the first five values of the
impulse breakdown voltages depending on the time of
deconditioning, normalized to the mean value of 50
chronological breakdown values, pulse rate 50 kB(us)”,
® brass electrodes, O brass electrodes with the electron
alloy coated cavity, and * o radioactivity in the chamber

duction of the electron emission due to gas adsorption,
impurity deposition, and cathode corrosion) by main-
taining the cathode surface in a dynamic state. This is
achieved by the combined effect of a slight oscillation
of the electric field on the cathode surface and the ion-
izing effect of o radiation.

Table 1. The mean values of the random variable obtained for the various impulse voltage velocities, normalized to the mean
value of the random variable impulse breakdown voltage, impulse rate 1 kV(us)™

Electrode type 10 kV(us)™ 50 kV(us)™ 100 kV(us)™" | 200 kV(us)™" | 500 kV(us)™
Brass electrode 1,8 2,01 2,85 3,98 5,14
Brass + cavity 1,01 1,08 1,1 2,94 4,1
Brass hollow electron coated 1 1,01 1,03 1,95 2,84
Brass + a source 1 1 1,01 1,54 2,14
Brass hollow with electron + a source 1 1 1 1,1 1,12
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Table 2. The dependence of the ratio of the first five breakdowns of the impulse voltage normalized to the mean value on

the experimental parameters

Electrode type lh 12h 24 h 5d 20d 45d

Brass electrode 20 % 28 % 35% 45 % 45 % 45 %

Brass + cavity 20 % 26 % 34 % 45 % 45 % 45 %

Brass hollow coated electron 18 % 24 % 32% 40 % 40 % 40 %
Brass + o source 0% 5% 7% 10 % 10 % 10 %

Brass hollow with electron + « source 0% 1% 3% 3% 3% 3%

CONCLUSION

The paper presents the results obtained by a par-
allel study of the effects of the engineering on the
GFSA insulation characteristics with and without a ra-
dioactive source. Unfortunately, it is shown that radio-
active radiation substitution in the GFSA is possible,
but only up to some overvoltage impulse rates. For
very fast impulses, the characteristics of military ap-
plications, and nuclear energy, it is impossible to
achieve a satisfactory GFSA response rate and com-
pensation for the long-term GFSA deconditioning. In
these cases, the use of the GFSA with a radioactive
source is irreplaceable. This means that the GFSA
sources with a radioactive source of momentum con-
tinue to be produced but only for specific applications.
In doing so, they should be specially marked and their
user should handle them in accordance with the regu-
lations for handling and disposal of radioactive mate-
rial. This is necessary because these are relatively
small components that contain an o radioactive source
and whose entry into the natural environment could
lead to its, uncontrolled, contamination.
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Teonopa M. HEIU'h, Ao J. JAHUBRUJEBUR,
Kosmbka b. CTAHKOBW, Henag M. KAPTAJTTOBUh

E®NKACHA 3AMEHA PANUOAKTHUBHUX MN3BOPA IIPU U3PAIN
TFACHUX OJBOJHUKA INPEHAIIOHA 3A KOOPIMHALINIY
N30/JAIINJE HA HUCKOHAINIOHCKOM HUBOY

Y pany ce pa3maTpa MOryhHOCT KJTaCHYHOT MHXKEH-epUHra Op3MHE OfI3UBa U IyTOBPEMEHCKOT
NEeKOHAMIMOHNPakha TacHUX ONOBOAHMKA IIpeHamoHa. [loOujeHM pe3ynTaTé Iopefie ce ca HMCTUM
pesynraTuMa foOHjeHIM ca TaCHIM OfJBOTHIKOM ITPEHAIOHa Y3 IPIMEHY PaJHOaKTHBHOT ¢ W3Bopa. Pap je
eKCIIEpPIMEHTAIHOT KapakTepa. EKcnepuMeHTH cy BpIICHH Ha MYJITHHAMEHCKOM MOJENy TacHOT
OJIBOJIHMKA MPEHANOHa NOoJ] 10OPO KOHTPOJIUCAHUM yCIOBUMa. MepHa HECUTYPHOCT €KCIIEpUMEHTAIIHOT
MOCTYTKA je 6una Mama off 8 %. PesynraTu cy oopabenu codprBepoM 3a 06papy CTaTUCTUUKUX ITOJaTaKa.
3a mprame MMIOYJICHUX KapaKTepHCTHKA KOpHWITheH je 3aKOH O KOHCTAaHTHOCTH MOBPIIMHA HCIION
UMITYJICHOT HAIlOHA Y BOJIT-CEKYHIHO] PABHU.
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