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The paper represents the results of testing the effect of neutron and gamma radiation of radio-
active °°Co on electrical filters. Neutron and gamma radiation was chosen because of its con-
ductivity. The analysis of the standard structure of the electric filter found that neutron and
gamma radiation can affect the value of the capacitance as the most important component of
the filter. The presented results are a contribution to the wider research of the radiation resis-
tance of elements for the coordination of insulation at the low-voltage level. The experiments
were performed on commercial capacitors that are installed in electric filters. Measurements
were made with professional equipment under well-controlled laboratory conditions. The
combined measurement uncertainty of the experimental procedure was less than 5 %.
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INTRODUCTION

Miniaturization of electronic components greatly
reduces their resistance to overvoltage phenomena.
Overvoltage phenomena occur directly as a consequence
of commutation processes within the devices them-
selves, i. e., within the networks to which the devices are
connected, or indirectly as a consequence of the interac-
tion of the device's wire structures with electromagnetic
discharge near the device. Possible sources of transient
electromagnetic phenomena are impulse overvoltages
on lines, atmospheric discharge, radar pulses, and nu-
clear explosions [1-3]. In the case that the overvoltage
protection of the device is not effective enough,
overvoltage phenomena can cause damage to electronic
elements, circuits, and the entire device, leading to its
partial or complete destruction [4, 5].

The transient overvoltages can also cause temporary
disruption in the functioning of the device [6, 7]. The de-
struction effects are usually related to semiconductor com-
ponents, although the insulation damage can also be
caused to the other components due to the act of relatively
high transient overvoltages. Semiconductor components
in low-voltage signal and control circuits are indirectly
coupled to the power supply lines but may be susceptible
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to destruction due to the relatively small permitted current
and voltage operating range. It is also necessary to men-
tion the possibility of the destruction of electronic compo-
nents coupled to other wire structures (for example, anten-
nas), which can become a source of transient overvoltages
due to the action of electromagnetic pulses [8]. The cou-
pling mechanisms in these cases are conditioned by the
high-frequency component of the voltage transient. Typi-
cal electronic ones that are subject to this destruction
mechanism are thyristors and low-voltage and hish-volt-
age signal and control circuits [9].

The aim of this paper is to examine the gamma
and neutron radiation effect on the characteristics of
capacitors as filter elements, which are useed for
overvoltage protection due to the necessary reliable
device protection of the effects of trasients.

OVERVOLTAGE PROTECTION

Overvoltage protection elements can generally
be classified as non-linear and linear. Non-linear ele-
ments of overvoltage protection include different
types of arresters such as gas-filled surge arresters,
varistors, and overvoltage diodes. Linear elements of
overvoltage protection include various types of elec-
tric filters [10]. For practical applications, a combina-
tion of these elements is often used because most com-
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mercial filters are not provided for overvoltage
protection that reaches voltage values of several thou-
sand volts. In addition, itis very difficult to provide the
required level of protection using the filter itself. The
protective arresters by themselves have some disad-
vantages in the case when it is necessary to ensure the
protection of particularly sensitive semiconductor
electronic components. Therefore, in such situations,
it is necessary to use hybrid (combined protection
schemes to compensate for the deficiencies of linear
and non-linear protection elements) [11-13].

CHARACTERISTICS OF NON-LINEAR
OVERVOLTAGE PROTECTION ELEMENTS

Since the electrical network most often appears as
a source of overvoltages that are crucial for the function-
ing of protected devices, for testing, devices designed to
protect devices from direct network overvoltages, i. e.,
components with higher nominal voltages, are selected.
These are overvoltage diodes, varistors, gas-filled surge
arresters, and capacitors [14-16].

Overvoltage diodes and varistors are character-
ized by the following parameters: maximum voltage
on the element at the moment of conduction, the de-
pendence of conduction resistance on the voltage on
the element, energy dissipation on the element during
transient action, nonlinearity coefficient (determines
the quality of the overvoltage diode or varistor and
demonstrates to what extent the volt-ampere charac-
teristic to the ideal, i. e., horizontal) [17-19].

The gas-filled surge arresters are characterized
by DC breakdown voltage, impulse breakdown volt-
age, and impulse characteristics [20-22].

Capacitors are characterized by their capacity,
the loss tangent, and the frequency characteristic of the
dielectric constant [23-25].

ELECTRIC FILTERS

For overvoltage protection, different types of
electrical filters are used. Among the simplest are
those that are used to drain the energy of the distur-
bance, that is, the inductance that is connected to the
regularly protected device and used to limit the rising
rate of the current transient. Complex filters of types L,
T, and P are also often used, as well as other complex
configurations of these types.

The principle of filter protection consists in re-
flecting the energy of the transient (which is situated
outside the bandwidth of the filter) back into the net-
work, i. e., its transformation on the internal active
resistances of the filters for protection from the action
of the transient. They are designed for a previously
known and defined value of the resistance (frequently
50 Q3), which is not satisfying for most of the protected
devices. In that case, the frequency characteristic of

the filter is distorted due to the appearance of the leak-
age peaks. For this reason, filters by themselves do not
represent reliable protection from the effects of
overvoltage.

Capacitors as the most important filter elements
or protective elements are among the most sensitive
components. Capacitors based on synthetic polymers
that are used in filters, in addition to their certainly
good properties, which are: (1) low degree of loss and
(2) high capacitance with small dimensions, may de-
pend on the type of polymer, and depend on the in-
crease in losses with increasing temperature and dam-
age to the dielectric due to effects of ionizing radiation.
Additionally, the dielectric of the capacitor is affected
by the time flow, i. e., by its aging. Other materials are
used to make resistance and inductance that are not
subject to the influence of temperature, ionizing radia-
tion, and aging during the formation of the filter. Thus,
when examining the effect of these effects on filters,
one should focus, particularly on capacitors.

The quality of the capacitor mostly depends on
the quality of its dielectric. At high voltages, losses in
the dielectric are caused by the polarization and con-
ductivity of the dielectric. The conduction-related
phenomenon produces losses caused by the active cur-
rentcomponent. The power losses P, are calculated by

P, =Ulcos ¢ (1)

where cos ¢ is the power factor expressed as a percent-
age. In the case of small losses, the losses are ex-
pressed by the tangent of the loss angle, /g0, whered is
the angle that complements the angle ¢ up to 90°.

The capacitor with losses can be represented by
the equivalent diagram of an ideal capacitor (the ca-
pacitor without losses).

Figure 1 represents parallel and series schemes
of capacitors with losses and equivalent vector dia-
grams.

These schemes with capacitors with losses are
equivalent to electrically but do not match #go with the
temperature well enough. This deficiency can be elim-
inated if it considers that the active resistance is deter-
mined by the ionic and electronic conductivity and,
that it determines the fictitious and temperature de-
pendence of the active current component.

Conduction losses are determined by electrons
and ions that move freely throughout the dielectric.
These are the carriers that are responsible for the sta-
tionary component of the specific conductivity of the
dielectric.

Polarization losses in the dielectric of the capaci-
tor can be caused by the following mechanisms: (1)
some molecules of the dielectric oscillate in time with
the applied voltage, and (2) similar oscillations occur
between the core and the electron shell. These phe-
nomena occur in non-polar material. Other polariza-
tion losses are conditioned by the presence of polar



T. M. Nedic, et al.: Influence of Radiation on the Stability of Electrical Filters ...

Nuclear Technology & Radiation Protection: Year 2022, Vol. 37, No. 2, pp. 111-118

113
. . . ] |
Figure 1. Equivalent diagram 1 1
of a real capacitor U, L.

molecules in the material. When applying voltage,
these dipoles are placed in the direction of the field.
The third mechanism of loss is caused by the presence
of loss at the boundary surfaces.

Ionization losses in the dielectric are condi-
tioned by the occurrence of partial discharges in the di-
electric. These discharges usually occur in cracks in
the dielectric and can cause their destruction. For this
loss component is characteristic that it increases with
the voltage on the capacitor if that voltage is higher

than the one required for the partial breakdown of the
dielectric.

EXPERIMENT

Examinations of overvoltage protection ele-
ments were performed on commercial components.
The commercial capacitors used during the experi-
ment were DC voltage polycarbonate capacitors.

To test the stability of the capacitor characteris-
tics (the loss tangent — #gd and capacity — C) both as a
function of preliminary work and as a function of the
effects of neutron and gamma radiation, a dou-
ble-exponential voltage form with a rise and decline
time 7, = 1.2 ps and T, = 50 pus was used with a maxi-
mum voltage U,,,, 0f 320 V, 480 V, and 640 V.

The source of nuclear and gamma radiation was
californium whose characteristics are given in fig. 2.
The source of californium is fissionable. The half-life
of this element is 2.65 years. The element used was
produced in 2021, and its mass was then 2265 pg. The
source is made in the form of a Cf,0; capsule. The fis-
sion neutron spectrum of californium is usually given
in the form of Watt's formula [26], which for a specific
source and 41 geometry has the form

Sn(E)= ?exp(—O.SSE YWh2E-10° us™ (2)
T

where £ is the energy in MeV. Equation (2) gives the
number of neutrons emitted per second depending on

'
UI’

the neutron energy, this functional dependence is
given in fig. 2.

From fig. 2, it can be concluded that the maxi-
mum number of neutrons is emitted at energies values
around 0,8 MeV, while the maximum neutron energy
in the spectrum reaches 20 MeV. During the fission
process of californium, gamma photons are also emit-
ted, however, a significant contribution to this emis-
sion is also made by photons resulting from the fission
products of decay [27]. The summary gamma spec-
trum of the californium source (including both fission
and gamma photon produced from the product of de-
cay) is given in fig. 3.

The need for using modern electronic devices in
conditions of ionizing radiation (nuclear techniques,
military, and space technology) specify problems re-
lated to the radiation resistance of electronic compo-
nents, that is, their reliability in such operating condi-
tions, about which there are many references.
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Figure 2. The spectrum of neutron radiation of a
californium source
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Figure 3. The spectrum of gamma radiation of a
californium source

The workshop environments in which it is nec-
essary to enable the functioning of electronic devices
can be different. For example, a nuclear explosion is a
source of strong gamma radiation with a duration of
several nanoseconds and delayed pulses of fast neu-
trons lasting several hundred microseconds.

Depending on the type of nuclear explosion —
surface, aerial, and high-altitude — the generation of
other forms of ionizing radiation is also possible, for
example, a secondary gamma pulse during an aerial or
high-altitude explosion.

In nuclear energy devices — continuous and
pulsed nuclear reactions, the fission process is fol-
lowed by generations of n and y radiation. Modeling
devices are widely used in research: nuclear reactors
of continuous and pulse types, pulse X-ray and gamma
devices, continuous gamma devices, continuums, and
accelerators of electrons and protons. Cosmic space is
anatural radiation environment in which they operate:
galactic radiation — protons, alpha particles, other
heavy nuclei, solar radiation (especially during the pe-
riod of solar activity) as well as radiation from natural
radiation sources illustrates the variety of radiation
conditions and factors that affect electronic devices in
real conditions of exploitation.

Since in the mentioned conditions it is necessary to
reliably protect the devices from the effects of transients
(for example, energy pulses of a high-altitude nuclear ex-
plosion), it was of interest to examine the influence of
ionizing radiation on overvoltage protection elements
(overvoltage diodes, varistors, surge arresters, capaci-
tors). The stability test of the characteristics of
overvoltage elements was limited to the 7 and y radiation
of the californium source.

Three experiments were performed to determine
the change in the capacity of the experimental radiation
due to: 1 —the effect of n and y radiation from the califor-
nium source, 2 — the neutron component of the califor-
nium source radiation, and 3 — the gamma component of
the californium source. Experiments were performed
three times by 50 polycarbonate capacitors with a capac-
ity of 1 pF.

In electrical filters used for overvoltage protec-
tion, capacitors with a dielectric in the form of a film
made of synthetic material (e. g., polystyrene, polyeth-
ylene, etc.) are often used for overvoltage protection
due to their very good characteristics. These capaci-
tors are characterized by very high insulation resis-
tance (in the range from 10 to 100 TQ), a small value
of loss tangent (#g6 = 0.00015), high stability of char-
acteristics as well as a very good size to capacity ratio,
which is why this type was chosen for radiation resis-
tance testing capacitor.

The effect of radiation was measured on all irra-
diated capacitors 120 hours after the last irradiation.
Measurements were made at 100 kHz as a function of
radiation fluence. The first measurement procedure
consisted of placing the experimental capacitor at 5 m
from the californium source and irradiating it for an
hour. After that, abreak of 120 hours was made and the
capacitance and the loss tangent of the capacitor were
measured. All 50 capacitors were irradiated at the
same time, and their small size ensured that they all re-
ceived the same dose of radiation. 120 hours after irra-
diation, the capacitance of each of the fifty capacitors
was measured.

The second measurement procedure was accom-
plished so that a shield of 1 m of lead was placed be-
tween the 50 capacitors and the californium source.
This shielding, as determined, ensured that the capaci-
tors received a dose only from neutrons.

The third measuring procedure was accom-
plished so that between 50 capacitors and the califor-
nium source, a 50 cm thick glass vessel full of water
was placed, behind which there was a multilayer layer
of cadmium of 25 cm. This law ensured that the capac-
itors received only a dose of gamma radiation.

The measured fluence values of neutron and
gamma radiation are represented in tab. 1.

RESULTS AND DISCUSSION

Figures 4(a-c) show the change in the capacity as
a function of the fluence values of n and y, n, and y—ra-
diation. None of the applied radiations led to a change
in the loss tangent value.

Based on the mentioned figures it can be con-
cluded the change in the capacitance depending on the
radiation is relatively small, it certainly leads to a
change in the structure of the dielectric due to the de-
struction of polymer chains. The destruction of the
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Table 1. Fluence values of neutron and gamma radiation o CmF]
Ne F, [em™]10" F, [em™]-10" 9.150 v v v v v
0 0 0 9.140 4
1 2.79 6.8 -, ]
2 5.59 13.6 b
3 8.37 20.4 ' ]
9.110 4
L, cimA 9.100 1
x1 9.090 1
9.140 1
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] 9.070 4
9.130 1
9.060 1
] 9.050 4
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9.040 1
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| Figure 4(c). Capacity change depending on neutron and
gamma radiation
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Figure 4(b). Capacity change depending on gamma
radiation flux N,

polymer chains of the capacitor dielectric leads to an
increase in the probability of the breakdown of the ca-

electric field can lead to a decrease in the breakdown
voltage of the capacitor, which accelerates the aging
process, i. e., reducing their lifetime in the overvoltage
protection circuit. The change of the capacitance as a
function of fluence is given in fig. 5 and in tab. 1 the
values of n and y fluence correspond to the value of Vy.

These processes lead to faster aging, that is, re-
ducing the lifetime of the capacitor in the overvoltage
protection circuit. Mutual comparison of fig. 4(a-c),
clearly shows that the neutron flux component con-
tributes to about 80 % of all unwanted effects. The pro-
cess of radiation action on the dielectric is as follows:
as a result of the first phase of ionizing radiation, free
electrons, positive ions, excited ions, and excited mol-
ecules appear. In the second phase of radiation-chemi-
cal reactions, the formation of free radicals occurs,
which can occur as aresult of [28, 29]: (1) decay of ex-
cited and overexcited molecules, (2) dissociated cap-
ture of electrons from molecules, (3) transfer of pro-
tons (RH™— RH —> R,"), 4 —the breaking of hydrogen
atom (RH — R+ H,) and 5 — joining of the hydrogen
atom with unsaturated compounds.

The stability of free radicals depends on their
chemical structure, aggregate state, temperature, and
presence of impurities. Large amounts of free radicals in
the polymer lead to irreversible changes, which are based
on the processes of structuring and destruction. As a re-
sult of radiation structuring, chemical bonds of the fol-
lowing types appear four-functional intermolecular,
three-functional intermolecular, intramolecular as well
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Figure 5. Scheme of the influence of radiation on the
organic dielectric of the capacitor

as between molecules and aggregates of filler molecules.
Destruction refers to the process of breaking the main
chains of macromolecules, which results in a decrease in
the molecular weight of the polymer, which is followed
by the release of gas. The mechanism of destruction is
determined by the individual characteristics of the chem-
ical structure of the irradiated material and is unknown
for most polymers.

It is necessary to emphasize that when materials
are irradiated, noticeable changes in their physical
properties can be caused by radiation doses. Some-
times only one out of 100 000 bonds in the molecules
of some types of polymer chains can lead to the split-
ting of the entire chain into two parts, which can fun-
damentally change the properties of the material,
while at the same time chemical changes do not exceed
0,001 %. The diagram of the influence of radiation on
organic capacitors is given in fig. 5.

CONCLUSION

In engineering practice, the results of this paper
can be applied in the field of nuclear technology, and
military and space technology. More precisely, in
those areas that impose problems of the influence of
radiation on the stability of the characteristics of the
filter as an element of overvoltage protection in the

presence of neutron or gamma fields. The established
change in the capacity value from the radiation fluence
is important when designing hybrid circuits of
overvoltage protection since in such circuits it is possi-
ble to compensate for changes in the protective char-
acteristics of the electric filter as one of the compo-
nents with other protected components of overvoltage
protection. Also, the experimental procedure pre-
sented in the paper, based on the application of
high-quality equipment, can serve to improve the stan-
dards of testing the effectiveness of overvoltage pro-
tection at the high-voltage level.
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Teonopa M. HEIU'h, Auo J. JAHURUJEBWh, Anuja P. JYCUh, Kopubka bh. CTAHKOBUH

YTULIAJ 3PAYEIHA HA CTABUJTHOCT KAPAKTEPUCTUKA EJEKTPUYHUX
ONITEPA KAO KOMIIOHEHTH 3A 3ANTUTY O INPEHAITIOHA

Y pagy cy mpmKasaHU pe3yNTaTH HWCOUTHBama YTHIAja HEYTPOHCKOT M TaMa 3padema
paguoaktusHor *’Co Ha enekrpuune punrepe. HeyTpoHCKO 1 rama 3padueme je n3abpaHo 300T HErOBE
MPOBOJJBUBOCTH. AHAIM30M CTaHJAp/IHE CTPYKTYpPe eNeKTPUIHOT (puiITepa yTBphHeHo je 1a HEyTPOHCKO 1
rama 3padcrmhe MOXKE YTUIATH Ha BPETHOCT KamalUTUBHOCTH KAo HajBa’kKHMje KOMIIOHEHTEe (uirepa.
lpukasann pesynraTé SONPUHOCE IIMPEM HCTPAXUBAKY OTIHOPHOCTH HA 3pavere eleMeHara 3a
KOOPIUHALA]Y 1/130na1m]e Ha HACKOHAIIOHCKOM HMBOY. EXcrieprMeHTH Cy W3Be[jeHN Ha KOMEPIVjaTHIM
KOHJIeH3aTOpuMa KOju ¢y yrpabeHm y enekTpuuHe ¢uintepe. Mepema cy BplleHa NpogeCHOHATHOM
ONPEMOM TIO] KOHTPOJIMCAaHUM J1abopaTOpHjcKuM ycioBuMa. KomOmHOBaHa MepHa HECHTYPHOCT
eKCIIepUMEHTAITHOT TOCTyNKa 6miia je Mama o S5 %.

Kmwyune pequ: HeylipOHCKO U 2ama 3paderbe, paoujayuona OWiOpHOCT, eAeKIpUYHU puaitiep,
U30AaUUja Ha HUCKOM HAUOHCKOM HUBOY




