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The possibility of substituting the usage of a radioactive ¢t-source to improve the characteris-
tics of the gas surge arrester is considered in this paper. The solution to this problem is sought
in the engineering of the characteristics by applying different electrode materials and varying
electrode surface topography. Materials that differ in the output work value were examined.
The electrode surface topographies were either polished, or with engraved regular spikes, or
with polished cavities. The paper is mostly experimental in nature. The experiments were per-
formed under well-controlled laboratory conditions. The measurement uncertainty of the ex-
perimental procedure was satisfactory. Experimental results were processed by sophisticated
statistical methods of low statistical unreliability. The obtained results show that it is possible
to avoid the installation of a radioactive source in the gas surge arresters and how it should be
done. In this way, a possible contamination of the natural environment with extremely dan-

gerous a - radioactive sources would be avoided.
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INTRODUCTION

The development of semiconductor components
of a multilayer structure and their miniaturization re-
sults in a significant reduction in their durability. The re-
duction in the durability of semiconductor components
with a high degree of miniaturization is most pro-
nounced in relation to the occurrence of overvoltage.
The reason for this is a significant reduction in the thick-
ness of the insulation layers. For that reason, more and
more attention has been dedicated to overvoltage pro-
tection, i. e. co-ordination of insulation at a low voltage
level [1, 2].

The co-ordination of insulation at a low voltage
level should protect electronic components, and assem-
blies, from the occurrence of overvoltage in the net-
work. The overvoltage in the network can be of atmo-
spheric or commutational origin [3, 4]. The overvoltage
of atmospheric origin has a rise time of the order of mi-
croseconds, and overvoltages of commutation origin
have a rise time of the order of milliseconds.
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In addition to overvoltage of atmospheric and
commutation origin, there is the possibility of induced
overvoltage due to, hopefully unlikely, the explosion
of a nuclear bomb in the atmosphere. Such voltages
would be characterized by a rise time of the order of
nanoseconds and would be induced in all wire struc-
tures of the electronic components or the assemblies.

In laboratory practice, the overvoltages are simu-
lated by so-called double-exponential impulses, which
are characterized by a rise time and a fall time [5, 6].
Drain diodes, varistors, and gas surge arresters are used
as components for electronic components protection [7,
8]. All these components have such characteristics that
up to a certain voltage value they have a very high (theo-
retically infinite) resistance, and after that value, they
have a very small (theoretical zero) resistance. With
such characteristics, the overvoltage protection compo-
nents are connected in parallel to the protected elec-
tronic component, or assembly, and so connected
should conduct a voltage, higher than the nominal, to
the mass. In addition to the above-mentioned character-
istics of the overvoltage protection components, they
shouldn't capacitively or inductively load the electronic
component or assembly which they protect. In addition
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to all the above characteristics of the components for the
overvoltage protection, the most important are the re-
sponse speed time, stable conditioning, and the possi-
bility of a larger number of triggers without the occur-
rence of irreversible changes in characteristics. In
practice, the components for the overvoltage protection
partially and differently accomplish these conditions
[9-13].

The drain diodes have characteristics similar to
the Zener diodes. They have the best response speed of
all overvoltage protection components, do not load the
capacitively or inductively protected component, or
assembly. They are always conditioned. Their disad-
vantage is that they are destroyed by higher values of
the overvoltage power that they drain [14, 15].

The current-voltage characteristic of the varistor
is significantly worse than the corresponding drain di-
odes characteristics. The varistor also does not load the
capacitively and inductively protected element, or as-
sembly. During multiple processing, minimal irrevers-
ible changes in the characteristics of the varistor have
been observed. The varistor is always conditioned.
Their response time is longer than the drain diode re-
sponse time. The varistor can conduct an overvoltage of
higher power than the drain diode, but at high
overvoltage powers, it leads to permanent damage or
destruction [16, 17].

The gas-filled surge arrester (hereinafter GFSA)
has a weaker current-voltage characteristic than the
varistor. The GFSA minimally loads the capacitively
protected component, or assembly, but does not load it
inductively. Significant irreversible changes in GFSA
characteristics occur during multiple processing. Af-
ter a time of several hours, GFSA is deconditioned. Its
response time is significantly longer than the response
time of the drain diodes and varistors. The GFSA can
take overvoltages of almost unlimited power. This last
feature of GFSA makes them indispensable compo-
nents for overvoltage protection. The GFSA are used
either separately or in hybrid combinations with the
other overvoltage protection components [18-21].

Since the overvoltage protection components
have good and bad properties, a lot of effort has gone
into improving their characteristics. The GFSA have
been most commonly tested to improve their charac-
teristics. One of the solutions, which significantly
contributed to the acceleration of the GFSA response,
is the insertion of a radioactive & — source into its in-
terior. However, this solution has a serious environ-
mental shortcoming since its application introduces a
large number of components into the environment
with built-in radioactivity that is impossible to con-
trol, monitor, and properly dispose of. The aim of this
paper is to examine the possibility of radioactive o —
source substitution in GFSA by the choice of elec-
trode materials and the manner of their surface treat-
ment [22-25].

THE GAS-FILLED SURGE ARRESTERS

The GFSA works on the principle of electrical
breakdown of gases. Structurally GFSA consists of
two gaseous isolated electrodes. One electrode is
banded for a point protected from overvoltage and the
other one is grounded. The GFSA electrodes provide a
homogeneous electric field (they are often made in the
Rogowski cloud to avoid the edge effects). The elec-
trodes are usually made of tungsten because it has a fa-
vorable ratio of melting temperature and thermal con-
ductivity. Noble gases are used as an insulating gas (in
German-speaking areas they are called fuses with no-
ble gas) [26, 27].

The noble gas in GFSA is under pressure. The
chamber containing the electrodes and the noble gas
must be well sealed as the noble gases are monoatomic
and they could easily diffuse from the chamber (re-
gardless of whether they are under pressure). Since the
law of similarity is indisputably valid for such a con-
figuration, the working point is determined by the
product of pressure p and interelectrode distance d (on
the abscissa) and nominal voltage (DC breakdown
voltage on the ordinate) [28, 29].

The GFSA working point is set near the Paschen
minimum on the Paschen's curve. Itis usually placed at
points to the right of the minimum where the break-
down has occurred by a streamer mechanism. Re-
cently, it has been suggested to place the GFSA work-
ing point at points to the left of the minimum at which
the breakdown takes place by an abnormal Paschen
mechanism. This second solution provides greater sta-
bility of the working point in a longer period of exploi-
tation [30, 31].

ELECTRICAL BREAKDOWN
MECHANISM

The electrical breakdown of gases is divided ac-
cording to the shape of the applied voltage into DC,
AC, and impulse breakdown. Based on the mechanism
by which the breakdown takes place, it is divided into
the Tausend's and the streamer's mechanism (there are
also some combinations of breakdown mechanisms,
such as the mentioned abnormal Paschen's mecha-
nism). As regards GFSA functioning, the DC and the
impulse types of breakdowns are interesting, as well as
both breakdown mechanisms [32].

The DC breakdown of gases is achieved by in-
creased DC voltage whose rise time is significantly
longer than the time characteristic for the elementary
processes of the electrical discharges in gases. The DC
breakdown voltage value is a deterministic magnitude
(when measuring the measurement uncertainty type A
is zero). The DC breakdown voltage can be numeri-
cally calculated for a certain electronic configuration
and for certain gas pressure. The impulse gas break-
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downs are achieved by a DC impulse voltage whose
rise time is of the same order of magnitude as the time
characteristic of the elementary processes of electric
gas discharges. The impulse voltage breakdown value
is a stochastic magnitude which, as a rule, belongs to
the three-parameter Weibull distribution. In contrast to
the DC breakdown voltage value, the impulse voltage
breakdown value can be calculated. However, it is
possible to determine the probability of a certain
quintile that the impulse voltage breakdown value
falls at a certain point of the voltage-time plane. This is
obtained by calculating the impulse (volt-second)
characteristics of the gas insulation, which are also the
best indicators of the GFSA rate response [33, 34].

IMPULSE CHARACTERISTICS

The electrical breakdown of gas is a self-sustain-
ing two-stepped process. The main condition for initi-
ation of the electrical breakdown of gas is the appear-
ance of a free electron in the part of the electric field in
which it can assume enough energy, at one mean free
length path, to ionize a neutral atom or molecule (the
so-called initial electron). After the first ionization
collision, an avalanche is developed, which ends with
the arrival of a geometrically progressive multiplied
electron beam at the anode. This completes the first
stage of the electrical breakdown. The second stage is
crucial. It represents the positive feedback of the first
(initial) avalanche and subsequent avalanches. This
so-called secondary process occurs either at the elec-
trodes or in the gas. If secondary processes of electri-
cal discharge in the gas occur at the electrodes, the
breakdown mechanism is the Tausend type. If second-
ary processes of electrical discharge in the gas occur in
the gas, the breakdown mechanism is of the streamer
type [35].

As mentioned, in the case of the DC breakdown
there are numerical algorithms that allow the break-
down voltage values to be calculated. For that purpose,
itis necessary to calculate the values of the electric field
and know the so-called avalanche coefficients. In the
case of an impulse breakdown, this is not possible, but it
is possible to determine the impulse characteristic that
determines the dependence of the impulse voltage
breakdown on the time of increase of the impulse volt-
age with the probability quantile as a parameter [36].

The impulse voltage breakdown is achieved by
impulses whose rise time is the same order of magni-
tude as the time characteristic of the elementary pro-
cesses of electrical discharge. For this reason, time af-
fects the value of a random variable pulse breakdown
voltage. Figure 1 shows the time dependence of the
impulse breakdown of gas.

Infig. 1,14 signifies the statistical time that repre-
sents the period from exceeding the DC breakdown
voltage, Uy, to the appearance of the initial electron, #
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Figure 1. The impulse voltage with which the gas
insulation breakdown was performed

denotes the avalanche time, i. e. the period that begins
with the first avalanche and ends with the formation of
positive feedback of the electric discharge, and # de-
notes the formative time, which indicates the period
from the movement of the interelectrode rise by multi-
ple avalanches to the spark channel thermal ionization.

In order to determine the impulse characteristic,
the starting assumption is that the plasma in the inter-
mediate electrode space moves at a speed v that is lin-
early dependent on the electric field

v(x,1) = k[E(x,1)=E5(x)] (1)

where £ is a factor that depends on the polarity of the
voltage at the electrodes, Es (x) is the electric field that
corresponds to the DC breakdown voltage, Us. Since a
homogeneous and pseudo- homogeneous electric field
can be expressed as a product of two components, one
of which depends on time and the other on spatial co-
ordinates

[ECx.2)=u(t)g(x)] 2)

inserting eq. (1) into eq. (2), the following is obtained

Vix,t)=k[u(r)-Uslg(x) (€)

After separating the variables and integration
over time, the following is obtained

1 L+, dV L+t,

= [[u(t)-Ugldt =P =const. (4)

ko gx)
where ¢, is the time after which the impulse voltage
reaches the value of the DC breakdown voltage and
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Figure 2. Schematic representation of the law of surface
constancy in the voltage-time plane during the impulse
breakdown

t, + t, is the time after which the Tausend electric dis-
charge mechanism is changed into a streamer electric
discharge mechanism. As can be seen from eq. (4) the
impulse breakdown has occurred after the value of the
surface P, which is constant, is reached between the
impulse voltage and the line u(f) = U, [37]. Figure 2
schematically shows the law obtained by eq. (4) for
two different forms of impulses.

Equation (4) is used to determine the impulse
characteristics of GFSA in the following steps:

1 — Based on a large number of measurements
(21000) with the same voltage form the statistical dis-
tribution of the random variable “impulse voltage
breakdown” is determined.

2 — On the basis of such a statistical distribution,
the quantiles of the impulse breakdown probability x
and y are set (usually x = 0.1 % and y = 99.9 %).

3 — Based on the values of these quantiles, the
calculated (or measured) values of U, determine the
surfaces Py and Py.

4 —Based on certain values of Py and Py and the
law of their constancy, the random variable quantiles
for arbitrary impulse voltage are determined [38].

EXPERIMENT

In order to experimentally examine the possibil-
ity of replacing the a-radioactive source in GFSA by
choosing the electrode materials and the way of pro-
cessing their surfaces, a chamber representing the
GFSA model was used. The chamber used was also

constructed in such a way that it was possible to
change the electrodes, the type of gas, the gas pressure,
and the interelectrode distance. The same flexible
chamber was used as in the paper [39].

The flexible chamber (GFSA model) was in-
cluded in the gas circuit, which enabled the adjustment
of the pressure value in the working gas chamber. The
pressure was set to correspond to the value at 20 °C.
The multiple vacuuming and filling with working gas
of'the chamber guaranteed the high purity of the work-
ing gas. It was used as the working gas. The same gas
circuit was used as in the paper [39].

The interelectrode distances were 0.1 mm, 0.2 mm,
0.5 mm, and 1 mm. Pressure values varied from 1 mbar
to 1 bar (1 bar = 10° Pa). The electrode system was
formed from Rogowski-shaped electrodes. In the case of
measurements using a radioactive o-source (**'Am)
placed on the wall of the chamber across from the
interelectrode gap. The tungsten electrodes used were
the same as in the paper [39].

The DC voltage source of 8 Vs~ and the impulse
voltage source with a variable rise rate and amplitude
significantly higher than the expected impulse voltage
breakdown value (which means that the breakdown al-
ways occurred at an increasing part of the impulse
voltage) were used as a voltage source. During the
work, the impulses rise rates of 1 kV(us)™', 2kV(us) !,
5kV(us)!, 10 kV(us)™, 50 kV(us)™, 100 kV(us)™',
and 200 kV(us)™! were used. Figure 3 shows the DC
voltage circuit diagram and fig. 4 the impulse voltage
circuit diagram.

In order to examine the influence of the electrode
material on the GFSA characteristics, electrodes made of
either an electron alloy or aluminum, or silver, or iron, or
tungsten (of course without a radioactive source) were
used. Also without a radioactive source, and in order to
examine the influence of electrode surface treatment on
GFSA characteristics, tungsten electrodes were used
whose surfaces were either polished to a high gloss, or
sandblasted, or with engraved regular pyramids 325 um
high, or with cavities of a 100 pm radius.
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Figure 3. Diagram of the used DC voltage circuit
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Figure 4. Scheme of the used impulse voltage circuit

Figure 5 shows the electrode surface with en-
graved pyramids, and fig. 6 shows the surface of the
electrode with cavities.

The measuring procedure consisted of the fol-
lowing steps:

1 — Adjustment of the interelectrode distance
and pressure (i. e. adjustment of the working point).

Figure 6. The surface of the electrode with cavities

2 — The measurement of 50 values of DC break-
down voltage with pauses between two consecutive
breakdowns of 30 seconds.

3 — The measurement of 1000 values of impulse
voltage breakdown with all rise rates of impulse volt-
age.

4 — Change of the working point and repetition
ofthe procedure (after the end of the series of measure-
ments, the measurement is repeated with another pair
of electrodes). The combined measurement uncer-
tainty was less than 8 % [40].

The processing of the experimentally obtained
results consisted of the following steps:

1 — Elimination of suspicious measurement re-
sults using Chauvenet's criterion.

2 — Testing of an experimentally obtained ran-
dom variable “impulse voltage breakdown” with a
unique statistical sample using a U-test.

3 —Determining the affiliation of experimentally
obtained random variables to the Normal distribution
or to one of the distributions of the minimum value by
the graphical method and the y? test.

4 — Determining the central moments of the ob-
tained distribution (which best fits the obtained re-
sults).

5 — Determination of the probability quantile of
0.1 % and 99.9 % of the obtained distribution.

6 — Drawing Pashen's curves and the impulse
characteristics.

RESULTS AND DISCUSSION
Figures 7 and 8 show the results of the U — test

for a random variable the impulse voltage breakdown
at a product value of 100 mbar mm obtained by an im-
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Figure 7. The U-test results for the random variable im-
pulse voltage breakdown, e copper electrodes + o —
source, o tungsten electrodes, * copper electrodes, im-
pulse rise rate of 10 kV(us)™, — 5 % statistical unreliabil-
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Figure 8. The U-test results for the random variable im-
pulse voltage breakdown, e copper electrodes + o —
source, O silver electrodes, * aluminum electrodes, O
electron alloy electrodes, — S % statistical unreliability

pulse rise rate of 10 kV(us)'. The variable parameters
of the experiment were: the electrode system with and
without an a — radioactive radiation source, different
electrode materials, and different interelectrode dis-
tances (with product pd = const.). During the experi-
ment, no influence of the presence of the radioactive ot
—source on the stability of the random variable statis-
tics of impulse voltage breakdown was observed.

The results shown in figs. 7 and 8 show that the
random variable impulse voltage breakdown and its
affiliation with a unique statistical sample is affected
by the electrode material (at a constant impulse rise
rate). Although all random variables in figs. 7 and 8
belong to a unique stochastic distribution (with 5 %
statistical unreliability), the trends of this affiliation
differ for different materials. This change in trends is
least pronounced in the case of tungsten, and most pro-
nounced in the case of electrons. Based on that, it can
be concluded that, in this case, the decisive values are
the melting point of the material, and its thermal con-
ductivity. Namely, materials with a high melting point
and high thermal conductivities (tungsten), suffer mi-
nor changes in the electrode topography, and less
when the electrode material is ejected into the
interelectrode space (by the explosion of the spark
channel). For this reason, it comes to a less irreversible
change in insulation (electrode system + insulating
gas), so there is less influence on the statistical error of
the random variable impulse voltage breakdown. In
the case of materials with a lower melting temperature
and lower values of thermal conductivity, the changes
in insulation after multiple breakdowns are signifi-
cant, which results in a greater influence on the statis-
tics of the random variable impulse voltage break-
down.

Figure 9 shows the results of the U-test for the
random variable the impulse voltage breakdown at a
product value of pd 100 mbar mm obtained by differ-

12 16 110 1«14 1«18

Figure 9. The U-test results for different impulse rates, o
copper electrodes + o — source with impulse rate of 10
KkV(us)™, o copper electrodes with impulse rate of 50
kV(us)”, ¥ copper electrodes with impulse rate of 100
kV(us)™”, 0 copper electrodes with impulse rate of 200
KV(us)™, — 5 % statistical unreliability
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Figure 10. The U-test results for the random variable
impulse voltage breakdown, ® copper electrodes + o —
source of the impulse, o copper electrodes with engraved
spikes, * copper polished electrodes, impulse rate of
10 kV(ps)", — 5 % statistical unreliability

ent values of the impulse voltage rise rates. The ap-
plied experimental parameters were the same as for the
results shown in fig. 8. Figure 10 shows the results of
the U— test for the random variable of impulse voltage
breakdown at a product value of pd 100 mbarmm ob-
tained by impulse rate of 10 kV(us)~!. The variable pa-
rameters of the experiment were: an electrode system
with and without an o — source of radioactive radia-
tion, different electrode surface topographies and, dif-
ferent interelectrode distances (with product pd =
const.).

The results represented in fig. 9 show that the
electrode material and the presence of a radioactive
source of a-radiation when the rise rate of the pulse
voltage has changed, have an influence on the random
variable impulse voltage breakdown and its belonging
to a unique sample. In this respect, the electrode sys-
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tem with a radioactive source of & — radiation shows
the least changes. Such an electrode system is practi-
cally independent of the impulse voltage rise rate. The
electrode material at lower impulse voltage values af-
fects so that the most stable statistical random variable
is impulse voltage breakdown in the case of electron
alloy electrodes, and the most unstable is in the case of
tungsten electrodes. This dependence is in very good
correspondence with the value of the output work of
the electrode material (electron 1.8 eV; aluminum 3.74
eV; silver 4.47 eV and tungsten 4.5 eV). This result is
explained by the higher concentration of free electrons
(potentially initial) in the case of the presence of a ra-
dioactive o — source and electrode material with a
lower value of the output work (which such electrodes
emit by the cold emission mechanism). As the concen-
tration of free electrons formed by ionization of gas by
o — particles does not depend on the impulse voltage
rise rate, so the stability of the statistical variable im-
pulse voltage breakdown does not depend on it. How-
ever, cold electron emission is a process that occurs in
real-time and at high impulse rise rates cannot affect
the stability of the statistical random variable impulse
voltage breakdown .

Regarding the influence of the change of the
interelectrode distance, at a constant value of the prod-
uct pd, in the experiments whose results are shown in
figs. 7-9 it is not a noticeably significant influence on
the stability of the statistical random variable impulse
voltage breakdown . This confirms the assumption of
the validity of the law of similarity for the electrical
discharges in gases in experiments whose results are
shown in the mentioned figures.

Figure 10 shows the results of the U—test for the
random variable impulse voltage breakdown at a prod-
uct value of pd 100 mbar mm obtained by different val-
ues of the impulse voltage rise rate. The variable pa-
rameters of the experiment were the same as for the
results shown in fig. 9. During the experiment, no in-
fluence of the presence of the radioactive o — source on
the stability of the random variable statistics of im-
pulse voltage breakdown was observed.

The results shown in fig. 10 show that the random
variable impulse voltage breakdown and its affiliation
with a unique sample are not affected by the electrode
surface topography, nor by the presence of thea o — ra-
dioactive source. Figure 10 shows that the electrode
surface topography affects the stability of the statistics
of the random variable impulse voltage breakdown
only in the case of electrodes with polished surfaces.
The reason for that are the multiply effects of the spark
on such electrodes, and thus the insulation characteris-
tics. Figures 11(a) and 11(b) show the changes in such
electrodes, i. e. fig. 11(a) the crater's appearance (pol-
ished electrodes) and fig. 11(b) the melting of spikes
(electrodes with engraved spikes).

The results shown in fig. 12 show that the ran-
dom variable impulse voltage breakdown and its be-

Figure 11(a). The changes in polished electrodes and the
crater's appearance

Figure 11(b). The changes in electrodes with engraved
spikes and melting of spikes
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Figure 12. The U-test results for the random variable im-
pulse voltage breakdown, e copper electrodes + o — source
of the impulse, o copper electrodes with engraved spikes,
* copper polished electrodes, — 5 % statistical
unreliability
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Figure 14. Experimentally
determined points of the Paschen
curve and theoretically calculated
Paschen curve according

to Tausend's criterion, * polished
electrodes, o sandblasted
electrodes, O electrodes with
cavities, — theoretically calculated
Paschen curve
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longing to a unique sample are affected by the elec-
trode surface topography, and the presence of an a —
radioactive source when changing the impulse voltage
rise rate does not. This result can be explained by the
independence of the time of the gas ionization process
by a — particles and the cold emission process (in the
case of engraved pyramids) and the hollow cathode ef-
fect (in the case of electrodes with cavities) in
real-time. It was also found that increasing the
interelectrode distance with a constant value of the
product pd significantly affects the stability of the sta-
tistical random variable impulse voltage breakdown in
the case of electrodes with cavities. This result is a
consequence of the hollow cathode mechanism which
ceases if the mean free length of the electron is of the
order of the magnitude of the cavity radius.

Figure 13 shows the experimentally determined
points of the Paschen curve obtained by DC voltage.
The parameter of the experiment was the electrode
material. Electron, aluminum, and iron alloy elec-
trodes were used. Figure 14 shows the experimentally
determined points of the Paschen curve obtained by
DC voltage. The parameter of the experiment was the
manner of processing the electrode surfaces. Copper

pd [10 mbar mm]

electrodes polished to a high gloss, or sandblasted, or
with cavities were used. For the results shown in fig.
13 and 14, measurements were performed with differ-
ent values of the interelectrode distance with a con-
stant value of the product pd.

The results shown in figs. 13-14 show that the
DC voltage breakdown value for materials with a
lower value of output work is lower than the DC volt-
age breakdown value for materials with a higher value
of output work. This result can be explained by the in-
fluence of the value of output work on the secondary
effects on the electrodes. Namely, the recording points
are close to the minimum of the Paschen curve in
which the DC breakdown is expected to take place (at
least partially) by the Tausend mechanism. As the
Tausend mechanism is characterized by secondary ef-
fects active on the electrodes, it is to be expected that
their number is higher for materials with a lower value
of the output work. In the mathematical model, this
phenomenon is equivalent to an increase in the coeffi-
cients of secondary gamma emission (number of free
electrons emitted from the cathode per one primary av-
alanche).
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Figure 15. The impulse characteristics obtained by the
law of surface constancy based on voltage measurements
with a rise rate of 5 kV(us)™, pd = 200 mbar mm,

— chamber with an o — source, * electrodes made of an
electron alloy, — tungsten electrodes

2500
2250
2000
1750
1500
1250
1000

750

500

250

UV

Figure 16. The impulse characteristics obtained by the
law of surface constancy based on voltage measurements
with a rise rate of 200 kV(us)™', pd = 200 mbar mm,

— chamber with o — source, * electrodes made of an
electron alloy, — tungsten electrodes

The results shown in fig. 14 demonstrate the rel-
ative independence of the DC voltage breakdown
value from the electrode surface topography. This re-
sult can be explained by the independence of the sec-
ondary processes active on the electrodes from the
electrode surface topography.

Figure 15 presents the impulse characteristics
obtained by an impulse voltage rise rate of 5 kV(us)™!
for a pd value of 200 mbar mm. The variable parame-
ters of the experiment were: chamber with an o —radi-
ation source (copper electrodes), electrodes made of
an electron alloy, and tungsten electrodes. Figure 16
presents the impulse characteristics obtained by an im-
pulse voltage rise rate of 200 kV(us)~! for the same ex-
perimental parameters.

The results shown in fig. 15 indicate that the im-
pulse characteristics obtained by using a radioactive
source of o — radiation are the best from the aspect of
the GFSA application. Namely, they are the longest
and they grow least at the high rise rate impulses. The
impulse characteristics obtained by using electrodes
made of an electron alloy are, according to the previ-
ous criterion, better than the impulse characteristics
obtained by using tungsten electrodes. This result indi-

cates that the shape of the impulse characteristics
mostly depends on the statistical time (which is the
shortest in the case of the presence of an & — sources in
the chamber). Since the lower value of the output work
of the electron alloy contributes to a higher concentra-
tion of free electrons (potentially initial), the impulse
characteristics obtained by using these electrodes have
better characteristics than the impulse characteristics
obtained by using tungsten electrodes, which have a
significantly higher value of the output work. The re-
sults shown in fig. 16 point out that the difference be-
tween the impulse characteristics obtained by using
electrodes made of an alloy and tungsten decreases.
This can be explained by the fact that the cold emission
process takes place in real-time and that there is no ef-
fect for very fast impulses.

Figure 17 shows the impulse characteristics ob-
tained by the impulse voltage rise rate of 5 kV(us)™
for a pd value of 200 mbar mm. The variable parame-
ters were: a chamber with an o —radiation source, elec-
trodes with polished surfaces, electrodes with en-
graved spikes, and electrodes with cavities. Figure 18
shows the impulse characteristics obtained by an im-
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Figure 17. The impulse characteristics obtained by the
law of surface constancy based on voltage measurements
with a rise rate of 5 KV(us)™, pd = 200 mbar mm,
—chamber with an o —source, * electrode with cavities,

— electrodes with engraved spikes
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Figure 18. The impulse characteristics obtained by the
law of surface constancy based on voltage measurements
with a rise rate of 200 kV(us)™', pd = 200 mbar mm,
—chamber with an o —source, * electrode with cavities,

— electrodes with engraved spikes
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pulse voltage rise rate of 200 kV(us)~! for the same ex-
perimental parameters.

The results shown in fig. 17 demonstrate that the
electrode surface topography significantly affects the
impulse characteristics. Very good impulse character-
istics obtained by electrodes with engraved spikes and
electrodes with cavities confirm that the spike effect
and the hollow cathode effect significantly increase
the concentration of free electrons in the interelectrode
space, which affects the shortening of the statistical
time. It should be noted that the effects obtained by
electrodes with engraved spikes and cavities lag be-
hind the effect achieved by the source of o — radiation,
but not so much that they should not be considered as
alternatives. The results shown in fig. 18 show that the
efficiency of the spike and hollow cathode effect de-
creases with an increasing impulse rate. This is ex-
plained by the already mentioned finite time required
for the development of the spike and hollow cathode
effects. It should be noted that the same experiments
were performed with a changed interelectrode dis-
tance with the same value of the product pd. These ex-
periments showed a weakening of the efficiency of the
spike effect and the hollow cathode effect with in-
creasing interelectrode distance. Based on that, it can
be concluded that the law of similarity for the electri-
cal discharges in gases does not apply to the consider-
ation of the influence of the electrode surface topogra-
phy on the impulse breakdown of gas.

CONCLUSIONS

According to the results presented in the paper, it
can be concluded that it is possible to achieve a signifi-
cant improvement of the GFSA impulse characteristics
by engineering the electrode material and the electrode
surface topography. This improvement is achieved by a
positive synergy of the output work values, spike effect,
and hollow cathode effect. However, it was found that
such engineering characteristics of the GFSA without
the use of a radioactive source of & — radiation can al-
most be equated with the characteristics of the GFSA
with a radioactive source of o — radiation only in the
case of protection against the commutation
overvoltages. In the case of protection against atmo-
spheric overvoltages, the GFSA with a radioactive o —
source show a certain, though not drastic, advantage.
For very fast overvoltages, the origin of a nuclear ex-
plosion in the atmosphere, the proposed engineering
does not have any substantial effects. In that case, the
solution with an o —radioactive source is much more ef-
ficient, but it does not provide the required level of pro-
tection. This result is explained by the finite time char-
acteristic of the cold emission effect and the hollow
cathode effect. However, the conclusion is that the
overvoltage protection in the worst-case scenario (ex-
tremely fast overvoltages) cannot be effective and that

the discrete electronic components (much more resis-
tant to overvoltages) should be used to make electronic
circuits that must function under such conditions. In this
way, the use of radioactivity in the construction of the
GFSA could be completely rejected.
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Hamnoop C. APBYTUHA, Anekcangpa . BACUh-MNJIOBAHOBUH,
Teonopa M. HEIU'h, Auo J. JAHUKRUJEBUR, Jbyounko b. TUMOTUIJEBNh

MOI'YRHOCT NIOCTU3AIA TITPUXBAT/BUBE BP3UHE OA3UBA
TFACHUX OJBOJHUKA INPEHAIIOHA CYICTUTYLIMIOM AJI®A U3BOPA
3PAYEIHLA N350POM MATEPUJAJIA EJIEKTPOJA U TOIIOTPA®NIOM
BbNXOBUX IMOBPIIMHA

Y pany ce pa3maTpa MOTYhHOCT CYNCTUTYIMje TPUMEHE PAJUOAKTUBHOT -U3BOPaA 32 TOOOTb-
1amke KapaKTEPHUCTIKA FAaCHOT OBOHUKA ITPEeHANoHa. Peremne oBor mpo6iieMa ce Tpasku y NHKESHEPUHTY
KapaKTepHUCTHKA IPAUMEHOM Pa3IMIUTUX MaTepHjaja eJIeKTPofa U pa3IMduTHX Tonorpaduja eIeKTpoj-
HHUX NMOBpHIMHA. VcnuTuBaHM Cy MaTepujali KOju ce pasiiKyjy II0 BPeJHOCTH M3Ja3Hor pajga. Tomo-
rpaduje eIeKTPOAHUX HOBPIINHA Cy OUIIe WK HOJIUPAHE, UITU ca YTPABUPAHUM MPABUITHAM IIUIBIAMA, UITH
ca mympbrHaMa. Paj je mpeTeskHo eKcneprMeHTaIHOT KapakTepa. EkcriepuMenTn cy BpIeHn noj| Ao0po
KOHTPOJIMCAHNM J1ab0paTOPHjCKUM yCIOBIMa. MepHa HECUTYPHOCT eKCIIepUMEHTATHOT OCTYIIKa je Guita
3ajioBosbaBajyha. ExcriepuMeHTallHu pe3yiTaTi nokasyjy fa je moryhe nzbehu yrpaamy paguoak THBHOT
M3BOpaA y racHe OJBOJHUKE MpEeHanmoHa 1 Kako To Tpeba. Ha Taj Haunmn Ou ce mzbersie Moryhe KoHTa-
MHUHAIje TPUPOJHE CPEANHE BEOMa OMACHIM @ — PAAMOAKTHBHAM H3BOpUMA.

Kmwyune peuu: zacHu 00600HUK UpeHATIOHA, KO-OPOUHAYU]a U3oaauuje, HUCKOHAUOHCKU HUBO




