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The pa per rep re sents the re sults of test ing the ef fect of neu tron and gamma ra di a tion of ra dio -
ac tive 60Co on elec tri cal fil ters. Neu tron and gamma ra di a tion was cho sen be cause of its con -
duc tiv ity. The anal y sis of the stan dard struc ture of the elec tric fil ter found that neu tron and
gamma ra di a tion can af fect the value of the ca pac i tance as the most im por tant com po nent of
the fil ter. The pre sented re sults are a con tri bu tion to the wider re search of the ra di a tion re sis -
tance of el e ments for the co or di na tion of in su la tion at the low-volt age level. The ex per i ments
were per formed on com mer cial ca pac i tors that are in stalled in elec tric fil ters. Mea sure ments
were made with pro fes sional equip ment un der well-con trolled lab o ra tory con di tions. The
com bined mea sure ment un cer tainty of the ex per i men tal pro ce dure was less than 5 %.
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INTRODUCTION

Min ia tur iza tion of elec tronic com po nents greatly
re duces their re sis tance to overvoltage phe nom ena.
Overvoltage phe nom ena oc cur di rectly as a con se quence 
of com mu ta tion pro cesses within the de vices them -
selves, i. e., within the net works to which the de vices are
con nected, or in di rectly as a con se quence of the in ter ac -
tion of the de vice's wire struc tures with elec tro mag netic
dis charge near the de vice. Pos si ble sources of tran sient
elec tro mag netic phe nom ena are im pulse overvoltages
on lines, at mo spheric dis charge, ra dar pulses, and nu -
clear ex plo sions [1-3]. In the case that the overvoltage
pro tec tion of the de vice is not ef fec tive enough,
overvoltage phe nom ena can cause dam age to elec tronic
el e ments, cir cuits, and the en tire de vice, lead ing to its
par tial or com plete de struc tion [4, 5].

The tran sient overvoltages can also cause tem po rary 
dis rup tion in the func tion ing of the de vice [6, 7]. The de -
struc tion ef fects are usu ally re lated to semi con duc tor com -
po nents, al though the in su la tion dam age can also be
caused to the other com po nents due to the act of rel a tively
high tran sient overvoltages. Semi con duc tor com po nents
in low-volt age sig nal and con trol cir cuits are in di rectly
cou pled to the power sup ply lines but may be sus cep ti ble

to de struc tion due to the rel a tively small per mit ted cur rent
and volt age op er at ing range. It is also nec es sary to men -
tion the pos si bil ity of the de struc tion of elec tronic com po -
nents cou pled to other wire struc tures (for ex am ple, an ten -
nas), which can be come a source of tran sient overvoltages
due to the ac tion of elec tro mag netic pulses [8]. The cou -
pling mech a nisms in these cases are con di tioned by the
high-fre quency com po nent of the volt age tran sient. Typ i -
cal elec tronic ones that are sub ject to this de struc tion
mech a nism are thyristors and low-volt age and hish-volt -
age sig nal and con trol cir cuits [9].

The aim of this pa per is to ex am ine the gamma
and neu tron radiation ef fect on the char ac ter is tics of
ca pac i tors as fil ter el e ments, which are useed for
overvoltage pro tec tion due to the nec es sary re li able
de vice pro tec tion of the ef fects of trasients.

OVERVOLTAGE PROTECTION

Overvoltage pro tec tion el e ments can gen er ally
be clas si fied as non-lin ear and lin ear. Non-lin ear el e -
ments of overvoltage pro tec tion in clude dif fer ent
types of ar rest ers such as gas-filled surge ar rest ers,
varistors, and overvoltage di odes. Lin ear el e ments of
overvoltage pro tec tion in clude var i ous types of elec -
tric fil ters [10]. For prac ti cal ap pli ca tions, a com bi na -
tion of these el e ments is of ten used be cause most com -

T. M. Nedi}, et al.: In flu ence of Ra di a tion on the Sta bil ity of Elec tri cal Fil ters ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2022, Vol. 37, No. 2, pp. 111-118 111

* Cor re spond ing au thor, e-mail: teodora.nedic@nuklearniobjekti.rs



mer cial fil ters are not pro vided for overvoltage
pro tec tion that reaches volt age val ues of sev eral thou -
sand volts. In ad di tion, it is very dif fi cult to pro vide the 
re quired level of pro tec tion us ing the fil ter it self. The
pro tec tive ar rest ers by them selves have some dis ad -
van tages in the case when it is nec es sary to en sure the
pro tec tion of par tic u larly sen si tive semi con duc tor
elec tronic com po nents. There fore, in such sit u a tions,
it is nec es sary to use hy brid (com bined pro tec tion
schemes to com pen sate for the de fi cien cies of lin ear
and non-lin ear pro tec tion el e ments) [11-13].

CHARACTERISTICS OF NON-LINEAR
OVERVOLTAGE PROTECTION ELEMENTS

Since the elec tri cal net work most of ten ap pears as
a source of overvoltages that are cru cial for the func tion -
ing of pro tected de vices, for test ing, de vices de signed to
pro tect de vices from di rect net work overvoltages, i. e.,
com po nents with higher nom i nal volt ages, are se lected.
These are overvoltage di odes, varistors, gas-filled surge
ar rest ers, and ca pac i tors [14-16].

Overvoltage di odes and varistors are char ac ter -
ized by the fol low ing pa ram e ters: max i mum volt age
on the el e ment at the mo ment of con duc tion, the de -
pend ence of con duc tion re sis tance on the volt age on
the el e ment, en ergy dis si pa tion on the el e ment dur ing
tran sient ac tion, nonlinearity co ef fi cient (de ter mines
the qual ity of the overvoltage di ode or varistor and
dem on strates to what ex tent the volt-am pere char ac -
ter is tic to the ideal, i. e., hor i zon tal) [17-19].

The gas-filled surge ar rest ers are char ac ter ized
by DC break down volt age, im pulse break down volt -
age, and im pulse char ac ter is tics [20-22].

Ca pac i tors are char ac ter ized by their ca pac ity,
the loss tan gent, and the fre quency char ac ter is tic of the 
di elec tric con stant [23-25].

ELECTRIC FILTERS

For overvoltage pro tec tion, dif fer ent types of
elec tri cal fil ters are used. Among the sim plest are
those that are used to drain the en ergy of the dis tur -
bance, that is, the in duc tance that is con nected to the
reg u larly pro tected de vice and used to limit the ris ing
rate of the cur rent tran sient. Com plex fil ters of types L, 
T, and P are also of ten used, as well as other com plex
con fig u ra tions of these types.

The prin ci ple of fil ter pro tec tion con sists in re -
flect ing the en ergy of the tran sient (which is sit u ated
out side the band width of the fil ter) back into the net -
work, i. e., its trans for ma tion on the in ter nal ac tive
resistances of the fil ters for pro tec tion from the ac tion
of the tran sient. They are de signed for a pre vi ously
known and de fined value of the re sis tance (frequently
50 W), which is not sat is fy ing for most of the pro tected
de vices. In that case, the fre quency char ac ter is tic of

the fil ter is dis torted due to the ap pear ance of the leak -
age peaks. For this rea son, fil ters by them selves do not
rep re sent re li able pro tec tion from the ef fects of
overvoltage.

Ca pac i tors as the most im por tant fil ter el e ments
or pro tec tive el e ments are among the most sen si tive
com po nents. Ca pac i tors based on syn thetic poly mers
that are used in fil ters, in ad di tion to their cer tainly
good prop er ties, which are: (1) low de gree of loss and
(2) high ca pac i tance with small di men sions, may de -
pend on the type of poly mer, and de pend on the in -
crease in losses with in creas ing tem per a ture and dam -
age to the di elec tric due to ef fects of ion iz ing ra di a tion. 
Ad di tion ally, the di elec tric of the ca pac i tor is af fected
by the time flow, i. e., by its ag ing. Other ma te ri als are
used to make re sis tance and in duc tance that are not
sub ject to the in flu ence of tem per a ture, ion iz ing ra di a -
tion, and ag ing dur ing the for ma tion of the fil ter. Thus,
when ex am in ing the ef fect of these ef fects on fil ters,
one should fo cus, par tic u larly on ca pac i tors.

The qual ity of the ca pac i tor mostly de pends on
the qual ity of its di elec tric. At high volt ages, losses in
the di elec tric are caused by the po lar iza tion and con -
duc tiv ity of the di elec tric. The con duc tion-re lated
phe nom e non pro duces losses caused by the ac tive cur -
rent com po nent. The power losses Pg are cal cu lated by

P UIg = cos j (1)

where cos j is the power fac tor ex pressed as a per cent -
age. In the case of small losses, the losses are ex -
pressed by the tan gent of the loss an gle, tgd, where d is
the an gle that com ple ments the an gle j up to 90º.

The ca pac i tor with losses can be rep re sented by
the equiv a lent di a gram of an ideal ca pac i tor (the ca -
pac i tor with out losses).

Fig ure 1 rep re sents par al lel and se ries schemes
of ca pac i tors with losses and equiv a lent vec tor di a -
grams.

These schemes with ca pac i tors with losses are
equiv a lent to elec tri cally but do not match  tgd with the 
tem per a ture well enough. This de fi ciency can be elim -
i nated if it con sid ers that the ac tive re sis tance is de ter -
mined by the ionic and elec tronic con duc tiv ity and,
that it de ter mines the fic ti tious and tem per a ture de -
pend ence of the ac tive cur rent com po nent.

Con duc tion losses are de ter mined by elec trons
and ions that move freely through out the di elec tric.
These are the car ri ers that are re spon si ble for the sta -
tion ary com po nent of the spe cific con duc tiv ity of the
di elec tric.

Po lar iza tion losses in the di elec tric of the ca pac i -
tor can be caused by the fol low ing mech a nisms: (1)
some mol e cules of the di elec tric os cil late in time with
the ap plied volt age, and (2) sim i lar os cil la tions oc cur
be tween the core and the elec tron shell. These phe -
nom ena oc cur in non-po lar ma te rial. Other po lar iza -
tion losses are con di tioned by the pres ence of po lar
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mol e cules in the ma te rial. When ap ply ing volt age,
these di poles are placed in the di rec tion of the field.
The third mech a nism of loss is caused by the pres ence
of loss at the bound ary sur faces.

Ion iza tion losses in the di elec tric are con di -
tioned by the oc cur rence of par tial dis charges in the di -
elec tric. These dis charges usu ally oc cur in cracks in
the di elec tric and can cause their de struc tion. For this
loss com po nent is char ac ter is tic that it in creases with
the volt age on the ca pac i tor if that volt age is higher
than the one re quired for the par tial break down of the
di elec tric.

EXPERIMENT

Ex am i na tions of overvoltage pro tec tion el e -
ments were per formed on com mer cial com po nents.
The com mer cial ca pac i tors used dur ing the ex per i -
ment were DC volt age polycarbonate ca pac i tors.

To test the sta bil ity of the ca pac i tor char ac ter is -
tics (the loss tan gent – tgd and ca pac ity – C) both as a
func tion of pre lim i nary work and as a func tion of the
ef fects  of  neu tron  and  gamma  ra di a tion, a dou -
ble-ex po nen tial volt age form with a rise and de cline
time T1 = 1.2 ms and T2 = 50 ms was used with a max i -
mum volt age Umax of 320 V, 480 V, and 640 V.

The source of nu clear and gamma ra di a tion was
cal i for nium whose char ac ter is tics are given in fig. 2.
The source of cal i for nium is fis sion able. The half-life
of this el e ment is 2.65 years. The el e ment used was
pro duced in 2021, and its mass was then 2265 mg. The
source is made in the form of a Cf2O3 cap sule. The fis -
sion neu tron spec trum of cal i for nium is usu ally given
in the form of Watt's for mula [26], which for a spe cific
source and 4p ge om e try has the form

Sn E E sh E( )
.

exp( . )= - × -198

4
088 2 109 1

p
ms (2)

where E is the en ergy in MeV. Equa tion (2) gives the
num ber of neu trons emit ted per sec ond de pend ing on

the neu tron en ergy, this func tional de pend ence is
given in fig. 2.

From fig. 2, it can be con cluded that the max i -
mum num ber of neu trons is emit ted at en er gies val ues
around 0,8 MeV, while the max i mum neu tron en ergy
in the spec trum reaches 20 MeV. Dur ing the fis sion
pro cess of cal i for nium, gamma pho tons are also emit -
ted, how ever, a sig nif i cant con tri bu tion to this emis -
sion is also made by pho tons re sult ing from the fis sion
prod ucts of de cay [27]. The sum mary gamma spec -
trum of the cal i for nium source (in clud ing both fis sion
and gamma pho ton pro duced from the prod uct of de -
cay) is given in fig. 3.

The need for us ing mod ern elec tronic de vices in
con di tions of ion iz ing ra di a tion (nu clear tech niques,
mil i tary, and space tech nol ogy) spec ify prob lems re -
lated to the ra di a tion re sis tance of elec tronic com po -
nents, that is, their re li abil ity in such op er at ing con di -
tions, about which there are many ref er ences.
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Fig ure 1. Equiv a lent di a gram
of a real ca pac i tor

Fig ure 2. The spec trum of neu tron ra di a tion of a
cal i for nium source



The work shop en vi ron ments in which it is nec -
es sary to en able the func tion ing of elec tronic de vices
can be dif fer ent. For ex am ple, a nu clear ex plo sion is a
source of strong gamma ra di a tion with a du ra tion of
sev eral nano sec onds and de layed pulses of fast neu -
trons last ing sev eral hun dred mi cro sec onds.

De pend ing on the type of nu clear ex plo sion –
sur face, ae rial, and high-al ti tude – the gen er a tion of
other forms of ion iz ing ra di a tion is also pos si ble, for
ex am ple, a sec ond ary gamma pulse dur ing an ae rial or
high-al ti tude ex plo sion.

In nu clear en ergy de vices – con tin u ous and
pulsed nu clear re ac tions, the fis sion pro cess is fol -
lowed by gen er a tions of n and g ra di a tion. Mod el ing
de vices are widely used in re search: nu clear re ac tors
of con tin u ous and pulse types, pulse X-ray and gamma 
de vices, con tin u ous gamma de vices, continuums, and
ac cel er a tors of elec trons and pro tons. Cos mic space is
a nat u ral ra di a tion en vi ron ment in which they op er ate:
ga lac tic ra di a tion – pro tons, al pha par ti cles, other
heavy nu clei, so lar ra di a tion (es pe cially dur ing the pe -
riod of so lar ac tiv ity) as well as ra di a tion from nat u ral
ra di a tion sources il lus trates the va ri ety of ra di a tion
con di tions and fac tors that af fect elec tronic de vices in
real con di tions of ex ploi ta tion.

Since in the men tioned con di tions it is nec es sary to
re li ably pro tect the de vices from the ef fects of tran sients
(for ex am ple, en ergy pulses of a high-al ti tude nu clear ex -
plo sion), it was of in ter est to ex am ine the in flu ence of
ion iz ing ra di a tion on overvoltage pro tec tion el e ments
(overvoltage di odes, varistors, surge ar rest ers, ca pac i -
tors). The sta bil ity test of the char ac ter is tics of
overvoltage el e ments was lim ited to the n and g ra di a tion
of the cal i for nium source.

Three ex per i ments were per formed to de ter mine
the change in the ca pac ity of the ex per i men tal ra di a tion
due to: 1 – the ef fect of n and g ra di a tion from the cal i for -
nium source, 2 – the neu tron com po nent of the cal i for -
nium source ra di a tion, and 3 – the gamma com po nent of
the cal i for nium source. Ex per i ments were per formed
three times by 50 polycarbonate ca pac i tors with a ca pac -
ity of 1 mF.

In elec tri cal fil ters used for overvoltage pro tec -
tion, ca pac i tors with a di elec tric in the form of a film
made of syn thetic ma te rial (e. g., poly sty rene, poly eth -
yl ene, etc.) are of ten used for overvoltage pro tec tion
due to their very good char ac ter is tics. These ca pac i -
tors are char ac ter ized by very high in su la tion re sis -
tance (in the range from 10 to 100 TW), a small value
of loss tan gent (tgd = 0.00015), high sta bil ity of char -
ac ter is tics as well as a very good size to ca pac ity ra tio,
which is why this type was cho sen for ra di a tion re sis -
tance test ing ca pac i tor.

The ef fect of ra di a tion was mea sured on all ir ra -
di ated ca pac i tors 120 hours af ter the last ir ra di a tion.
Mea sure ments were made at 100 kHz as a func tion of
ra di a tion fluence. The first mea sure ment pro ce dure
con sisted of plac ing the ex per i men tal ca pac i tor at 5 m
from the cal i for nium source and ir ra di at ing it for an
hour. Af ter that, a break of 120 hours was made and the 
ca pac i tance and the loss tan gent of the ca pac i tor were
mea sured. All 50 ca pac i tors were ir ra di ated at the
same time, and their small size en sured that they all re -
ceived the same dose of ra di a tion. 120 hours af ter ir ra -
di a tion, the ca pac i tance of each of the fifty ca pac i tors
was mea sured.

The sec ond mea sure ment pro ce dure was ac com -
plished so that a shield of 1 m of lead was placed be -
tween the 50 ca pac i tors and the cal i for nium source.
This shield ing, as de ter mined, en sured that the ca pac i -
tors re ceived a dose only from neu trons.

The third mea sur ing pro ce dure was ac com -
plished so that be tween 50 ca pac i tors and the cal i for -
nium source, a 50 cm thick glass ves sel full of wa ter
was placed, be hind which there was a multilayer layer
of cad mium of 25 cm. This law en sured that the ca pac -
i tors re ceived only a dose of gamma ra di a tion.

The mea sured fluence val ues of neu tron and
gamma ra di a tion are rep re sented in tab. 1.

RESULTS AND DISCUSSION

Fig ures 4(a-c) show the change in the ca pac ity as 
a func tion of the fluence val ues of n and g, n, and g – ra -
di a tion. None of the ap plied ra di a tions led to a change
in the loss tan gent value.

Based on the men tioned fig ures it can be con -
cluded the change in the ca pac i tance de pend ing on the
ra di a tion is rel a tively small, it cer tainly leads to a
change in the struc ture of the di elec tric due to the de -
struc tion of poly mer chains. The de struc tion of the
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poly mer chains of the ca pac i tor di elec tric leads to an
in crease in the prob a bil ity of the break down of the ca -

pac i tor and the con cept of par tial ex pan sion at the
points of dam age that cause so-called branch ing. Al -
though the change in the ca pac i tance is rel a tively
small, the ex is tence of ion iza tion struc tures within the
vol ume of the di elec tric that af fects the shield ing of the 
elec tric field can lead to a de crease in the break down
volt age of the ca pac i tor, which ac cel er ates the ag ing
pro cess, i. e., re duc ing their life time in the overvoltage
pro tec tion cir cuit. The change of the ca pac i tance as a
func tion of fluence is given in fig. 5 and in tab. 1 the
val ues of n and g fluence cor re spond to the value of NF.

These pro cesses lead to faster ag ing, that is, re -
duc ing the life time of the ca pac i tor in the overvoltage
pro tec tion cir cuit. Mu tual com par i son of fig. 4(a-c),
clearly shows that the neu tron flux com po nent con -
trib utes to about 80 % of all un wanted ef fects. The pro -
cess of ra di a tion ac tion on the di elec tric is as fol lows:
as a re sult of the first phase of ion iz ing ra di a tion, free
elec trons, pos i tive ions, ex cited ions, and ex cited mol -
e cules ap pear. In the sec ond phase of ra di a tion-chem i -
cal re ac tions, the for ma tion of free rad i cals oc curs,
which can oc cur as a re sult of [28, 29]: (1) de cay of ex -
cited and over ex cited mol e cules, (2) dis so ci ated cap -
ture of elec trons from mol e cules, (3) trans fer of pro -
tons (RH+ ® RH ® R2

+), 4 – the break ing of hy dro gen
atom (RH ® R0 + H2) and 5 – join ing of the hy dro gen
atom with un sat u rated com pounds.

The sta bil ity of free rad i cals de pends on their
chem i cal struc ture, ag gre gate state, tem per a ture, and
pres ence of im pu ri ties. Large amounts of free rad i cals in
the poly mer lead to ir re vers ible changes, which are based 
on the pro cesses of struc tur ing and de struc tion. As a re -
sult of ra di a tion struc tur ing, chem i cal bonds of the fol -
low ing types ap pear four-func tional intermolecular,
three-func tional intermolecular, intramolecular as well
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Table 1. Fluence values of neutron and gamma radiation

NF Fn  [cm–2]·1010 Fg  [cm–2]·1013

0 0 0

1 2.79 6.8

2 5.59 13.6

3 8.37 20.4

Fig ure 4(a). Ca pac ity change due to neu tron ra di a tion
flux NF

Fig ure 4(b). Ca pac ity change de pend ing on gamma
ra di a tion flux Ng

Fig ure 4(c). Ca pac ity change de pend ing on neu tron and
gamma ra di a tion



as be tween mol e cules and ag gre gates of filler mol e cules.
De struc tion re fers to the pro cess of break ing the main
chains of macromolecules, which re sults in a de crease in
the mo lec u lar weight of the poly mer, which is fol lowed
by the re lease of gas. The mech a nism of de struc tion is
de ter mined by the in di vid ual char ac ter is tics of the chem -
i cal struc ture of the ir ra di ated ma te rial and is un known
for most poly mers.

It is nec es sary to em pha size that when ma te ri als
are ir ra di ated, no tice able changes in their phys i cal
prop er ties can be caused by ra di a tion doses. Some -
times only one out of 100 000 bonds in the mol e cules
of some types of poly mer chains can lead to the split -
ting of the en tire chain into two parts, which can fun -
da men tally change the prop er ties of the ma te rial,
while at the same time chem i cal changes do not ex ceed 
0,001 %. The di a gram of the in flu ence of ra di a tion on
or ganic ca pac i tors is given in fig. 5.

CONCLUSION

In en gi neer ing prac tice, the re sults of this paper
can be ap plied in the field of nu clear tech nol ogy, and
mil i tary and space tech nol ogy. More pre cisely, in
those ar eas that im pose prob lems of the in flu ence of
ra di a tion on the sta bil ity of the char ac ter is tics of the
fil ter as an el e ment of overvoltage pro tec tion in the

pres ence of neu tron or gamma fields. The es tab lished
change in the ca pac ity value from the ra di a tion fluence 
is im por tant when de sign ing hy brid cir cuits of
overvoltage pro tec tion since in such cir cuits it is pos si -
ble to com pen sate for changes in the pro tec tive char -
ac ter is tics of the elec tric fil ter as one of the com po -
nents with other pro tected com po nents of overvoltage
pro tec tion. Also, the ex per i men tal pro ce dure pre -
sented in the pa per, based on the ap pli ca tion of
high-qual ity equip ment, can serve to im prove the stan -
dards of test ing the ef fec tive ness of overvoltage pro -
tec tion at the high-volt age level.
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UTICAJ  ZRA^EWA  NA  STABILNOST  KARAKTERISTIKA  ELEKTRI^NIH
FILTERA  KAO  KOMPONENTI  ZA  ZA[TITU  OD  PRENAPONA

U radu su prikazani rezultati ispitivawa uticaja neutronskog i gama zra~ewa
radioaktivnog 60Co na elektri~ne filtere. Neutronsko i gama zra~ewe je izabrano zbog wegove
provodqivosti. Analizom standardne strukture elektri~nog filtera utvr|eno je da neutronsko i
gama zra~ewe mo`e uticati na vrednost kapacitivnosti kao najva`nije komponente filtera.
Prikazani rezultati doprinose {irem istra`ivawu otpornosti na zra~ewe elemenata za
koordinaciju izolacije na niskonaponskom nivou. Eksperimenti su izvedeni na komercijalnim
kondenzatorima koji su ugra|eni u elektri~ne filtere. Merewa su vr{ena profesionalnom
opremom pod kontrolisanim laboratorijskim uslovima. Kombinovana merna nesigurnost
eksperimentalnog postupka bila je mawa od 5 %.

Kqu~ne re~i: neutronsko i gama zra~ewe, radijaciona otpornost, elektri~ni fil ter,
.........................izolacija na niskom naponskom nivou


