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The pa per ex am ined the stochasticity of the ran dom vari able elec tri cal break down of
electronegative gases (SF6 gas) in ho mo ge neous, inhomogeneous, and highly inhomogeneous 
elec tric fields. These tests in di rectly al lowed for the as sess ment of the ho mo ge ne ity of the in -
su lat ing prop er ties of the electronegative gas within the inter-elec trode space. Tests were con -
ducted  at  pres sures  rang ing  from  10–3  bar  to  5  bar and an inter-elec trode dis tance from
0.1 mm to 5 mm. Dur ing the test, it was es tab lished that the in su la tion with electronegative
gas is inhomogeneous in the inter-elec trode space. This inhomogeneity is ex plained by the
high af fin ity of SF6 gas for form ing neg a tive ions. To pre vent the oc cur rence of
inhomogeneity in the in su la tion with electronegative gas,  and  ra di a tion were ap plied. The
in crease in the num ber of free, po ten tially ini tial elec trons con trib uted to ho mog e ni za tion of
the in su la tion with the electronegative gas.
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IN TRO DUC TION

Elec tri cal break down of gases oc curs due to the
col li sion of elec trons with gas mol e cules. These col li -
sions cre ate pos i tive ions and free elec trons, which can 
re sult in the es tab lish ment of a main te nance mech a -
nism. The es tab lished, self-sus tain ing dis charge is
con trolled by collisional pro cesses in volv ing charged
par ti cles and their trans port prop er ties. The de vel op -
ment of the break down pro cess is highly de pend ent on
the rel a tive ef fi ciency of the mech a nisms of the cre -
ation and loss of free elec trons [1-3].

Elec tron ion iza tion is the ba sic el e men tary pro -
cess of all elec tri cal phe nom ena in gases. In the case of
electronegative gases (SF6 gas), the ion iza tion pro cess 
is as so ci ated with the dis si pa tion of mol e cules. This
re sults in the cre ation of new free elec trons, as well as
neg a tive and pos i tive ions. The pres ence of neg a tive
ions com pli cates the math e mat i cal mod el ing of elec -
tric dis charge in SF6 gas. For this rea son, the first pri -
mary Townsend ion iza tion co ef fi cient a is re placed by 
the net ion iza tion co ef fi cient a-h, where h is the at -
tach ment co ef fi cient (the num ber of elec trons at tached 

to electronegative at oms or mol e cules per unit path in
the di rec tion of the elec tric field) [4, 5]. The sec ond ary
townsend co ef fi cient g plays a cru cial role in the
self-main te nance of the elec tric dis charge. This co ef fi -
cient is de ter mined by the num ber of sec ond ary elec -
trons gen er ated per pri mary av a lanche [6].

Since the ion iza tion pro cess de pends on the
pres ence of free elec trons, which are scarce in SF6 gas,
the aim of this work is to es tab lish the in flu ence of ion -
iz ing ra di a tion on the sta tis ti cal be hav ior of the ran -
dom vari able elec tric break down in SF6 gas.

ELEC TRI CAL BREAK DOWN OF
ELECTRONEGATIVE GASES

The self-sustainability of elec tric dis charge in
gases is achieved by pos i tive feed back which is de ter -
mined by the value and na ture of the sec ond ary
Townsend co ef fi cient. If sec ond ary ef fects on the elec -
trodes (ion burst, photoemission, metastable burst) are 
dom i nant, the break down oc curs via the townsend
mech a nism. Con versely, if sec ond ary ef fects in the gas 
(ion iza tion by pos i tive ions, photoionization, and ion -
iza tion by metastable states) dom i nate,  the break down 

^. I. Beli}, et al., The In flu ence of Ion iz ing a and g Ra di a tion on the Sta tis tics of the  ...
Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2024, Vol. 39, No. 4, pp. 261-269 261

* Cor re spond ing au thor, e-mail: belic.cedomir@gmail.com



fol lows via the streamer mech a nism [6, 7]. There are
an a lyt i cal ex pres sions that en able the cal cu la tion of
the min i mum value of the elec tri cal break down by the
Townsend and streamer mech a nism. Such a cal cu la -
tion re quires knowl edge of the de pend ence of the pri -
mary Townsend co ef fi cients on the ra tio of elec tric
field val ues to gas pres sure. It is also nec es sary to
know the value of the elec tric field at each point of the
inter-elec trode space. The min i mum val ues of the
elec tri cal break down ob tained by such cal cu la tions
cor re spond to the value of the elec tri cal dc break down
[8, 9].

The elec tri cal break down of the SF6 gas oc curs
when a plasma cloud com posed of elec trons and neg a -
tive ions moves to ward the an ode. This plasma cloud
is fol lowed by suc ces sive clouds ini ti ated by sec ond -
ary Townsend pro cesses. As this se ries of plasma
clouds pro gresses through the inter-elec trode space, a
break down oc curs [10]. Fig ure 1 il lus trates the
time-de pend ent in crease in volt age that en ables the
break through. Here UDC is the min i mum value of the
break down volt age, tS – the static time (the time that
elapses from the mo ment when the ris ing volt age
reaches the mo ment when the first ini tial elec tron ap -
pears), tL – the time of av a lanche for ma tion (the time
that elapses from the ap pear ance of the ini tial elec tron
of the first av a lanche to the main dis charge), and tF –
the for ma tion time (the time that elapses from the
bridg ing of the inter-elec trode dis tance by the con -
duct ing chan nel to its ther mal ion iza tion).

STOCHASTICITY OF A RAN DOM
VARI ABLE ELEC TRI CAL BREAK DOWN
OF AN ELECTRONEGATIVE GAS

Based on fig. 1 it is clear that the source of the
stochasticity of the gas break down value lies in the
stochasticity of the sta tis ti cal time tS. This is par tic u -
larly pro nounced in SF6 gas, where the num ber of free
elec trons is min i mal due to the af fin ity of gas mol e -

cules for form ing neg a tive ions. There fore, for the ini -
tial elec tron (the elec tron that ini ti ates the av a lanche
pro cess) to be gen er ated, a free elec tron must be po si -
tioned to trig ger the ion iza tion av a lanche. This means
that the free elec tron should be lo cated in a part of the
inter-elec trode space where it can gain en ergy from the 
elec tric field that is higher than the bond en ergy of the
elec tron in the gas mol e cule over one mean free path
length. That part of the inter-elec trode space is called
the crit i cal vol ume [11, 12]. Based on this, it can be
con cluded that the sto chas tic na ture of the ran dom
vari able elec tri cal break down of gas, par tic u larly in
SF6 gas, de pends on the de gree of inhomogeneity of
the elec tric field in the inter-elec trode space. The av a -
lanche con struc tion time tL and for ma tion time tF can
con di tion ally be con sid ered de ter min is tic quan ti ties.

Since the sta tis ti cal time de pends on the num ber
of free elec trons and the size of the crit i cal vol ume, the
in flu ence of these two pa ram e ters on the stochasticity
of the ran dom vari able elec tri cal break down was ex -
am ined. The test was con ducted us ing an ex per i men tal 
pro ce dure, and ex per i men tally ob tained re sults were
an a lyzed us ing sta tis ti cal meth ods.

In ad di tion to stan dard sta tis ti cal meth ods, the
volt-sec ond ary char ac ter is tic (im pulse char ac ter is tic)
is use ful for ex am in ing the stochasticity of the elec tri -
cal break down of gases [13-15]. The volt-sec ond ary
char ac ter is tic can be ex pressed an a lyt i cally based on
the as sump tion that the ion ized gas in the inter-elec -
trode space moves at a speed pro por tional to the value
of the elec tric field

v x t k E x t E( , ) [ ( , ) ]  DC (1)

where, k is a con stant that de pends on the mech a nism
of elec tri cal dis charge and volt age po lar ity and EDC –
the min i mum value of the break down volt age.

On the con di tion that the space charge in the
inter-elec trode space is ne glected, it can be writ ten

E x t u t g x( , ) ( ) ( ) (2)
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Fig ure 1. The time course of the
ris ing volt age u(t) that caused the
break down



where u(t) is the time de pend ence of the ap plied volt age
and g(x) – the spa tial de pend ence of the elec tric field
(de pend ing on the elec trode con fig u ra tion. The mo -
ment when the Townsend elec tric dis charge mech a nism 
changes to the streamer mech a nism [16, 17], we get
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g x
u t U t
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( )
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

 DC d (3)

where xk is the point in space where the Townsend
mech a nism turns into the streamer mech a nism and tk +
t1 – the cor re spond ing mo ment, with t1 in di cat ing the
time when the volt age u(t) reaches the min i mum value
of the break down volt age UDC.

The right side of the ex pres sion rep re sents the
area un der the time de pend ence of the ap plied volt age
and  the  min i mum value  of  the break down volt age,
fig. 2. The left side is the spa tial in te gral that has a con -
stant value. Since the left side of the ex pres sion does
not de pend on the ap plied volt age but only on the in su -
la tion pa ram e ters, it can be con cluded that the value of
the area rep re sented by the right side of the ex pres sion
is con stant for a given gas-in su lated elec trode con fig u -
ra tion at con stant pres sure

( ( ) )u t U t A
t

t tk

  


 DC d constant
1

1

(4)

The ex pres sion makes it pos si ble to de ter mine the
volt-sec ond ary char ac ter is tic of a gas-in su lated elec trode 
con fig u ra tion based on a sta tis ti cal sam ple of the ran dom
vari able elec tri cal break down, ob tained through a volt -
age with a pre cisely de ter mined time de pend ence.

EX PER I MEN TAL SET-UP

The ex per i men tal re sults were pro cessed
through the fol low ing steps: (1) for ma tion of sta tis ti -
cal sam ples based on 100 con sec u tive mea sure ments
of the ran dom vari able, (2) test ing all sta tis ti cal sam -
ples for be long ing to a unique sta tis ti cal dis tri bu tion,

(3) us ing graph i cal meth ods, c2 test, and Kolmogorov
test to ex am ine the ad her ence of the sta tis ti cal sam ple
to nor mal, Weibull dou ble-ex po nen tial, and log a rith -
mic dis tri bu tion, (4) de ter min ing the sta tis ti cal dis tri -
bu tion with the small est sta tis ti cal un cer tainty for the
ex am ined sta tis ti cal sam ple by ap ply ing the meth ods
of  cen tral  mo ments  and  max i mum  re li abil ity,  and
(5) de ter min ing im pulse char ac ter is tics for 0.1 % and
99.9 % quantile prob a bil ity based on the adopted sta -
tis ti cal dis tri bu tion.

In the pre vi ous chap ter, it was stated that the sto -
chas tic na ture of the ran dom vari able elec tri cal break -
down is de ter mined by the stochasticity of the sta tis ti cal
time. This stochasticity is in flu enced by the ap pear ance
of a free elec tron that meets the con di tions to be come an 
ini tial elec tron, which is de ter mined by the ra tio of the
volt age rise time to the char ac ter is tic time of the elec -
tronic pro cesses in volved in the el e men tary pro cesses
of elec tric dis charge in gases. More over, the sto chas tic
na ture of elec tri cal break down as a ran dom vari able de -
pends on the con cen tra tion of free elec trons in the gas, 
and the ra tio of the crit i cal vol ume to the to tal vol ume of
the inter-elec trode space. For this rea son, the pa ram e -
ters of the ex per i men tal pro ce dure in cluded the volt age
rise time, ion iz ing ra di a tion of the inter-elec trode space, 
and the shape of the elec tric field.

The volt age rise time was al tered by chang ing
the pa ram e ters of the out put cir cuit of the Max's type
pulse gen er a tor. A sim pli fied scheme of the out put cir -
cuit for form ing pulses is shown in fig. 3 and an in te -
gral high volt age source in fig. 4.

Fig ure 5 shows the cham ber used for the ex per i -
ments. The cham ber was flex i ble, al low ing for ad just -
ments to the gas pres sure (electronegative SF6 gas), the
elec trode sheet, and the inter-elec trode dis tance. Also, it
was pos si ble to change the sheet and the di rec tion of the
ion iz ing ra di a tion. The changes in gas pres sure, type of
elec trodes and inter-elec trode dis tance were per formed
ac cord ing to the stan dard pro ce dure [18, 19]. The ma nip -
u la tion with ion iz ing ra di a tion was based on the ion iz ing
ra di a tion car rier, as de picted in fig. 5(b) [20]. Dur ing this
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Fig ure 2. Il lus tra tion of the law of sur face
con stancy in the volt age-time plane



pro cess, sources of a ra di a tion (241Am; 2012, 1.11 GBq)
and g ra di a tion (60Co; 2015. 37.8 GBq) were used. The
cham ber shown in fig. 5 was used to de ter mine the geo -
met ric dis tance from the source to the elec trode. This
mea sure ment was car ried out us ing the setup shown in
fig. 5(d), where a Ge de tec tor, cooled by liq uid ni tro gen,
was placed un der the same He pres sure in stead of the
cath ode.

The shape of the elec tric field was al tered by
chang ing the elec trodes and the inter-elec trode dis -
tance. By com bin ing the elec trodes shown in figs. 6(a)

and 6(b), it is pos si ble to shift from a ho mo ge neous to
an inhomogeneous and a pro nounced inhomogeneous
elec tric field, as de picted in figs. 6(c) and 6(d). The
inter-elec trode dis tances were ad justed from 0.1 mm
to 5 mm. The SF6 gas pres sure var ied from 10–3 bar to
5 bar. Dur ing the ad just ments of the inter-elec trode
dis tance and the gas pres sure, the type B mea sure ment
un cer tainty re mained be low 1 %.

The ex per i men tal pro ce dure was con ducted un der
max i mally con trolled lab o ra tory con di tions. Mod ern,
cer ti fied mea sur ing equip ment with known mea sure -
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Fig ure 3. Sim pli fied scheme of the
out put cir cuit for form ing pulses

Fig ure 4. In te gral scheme of the high
volt age source



ment un cer tainty was used. All ex ter nal in flu ences on the 
mea sure ment re sults were elim i nated dur ing the mea -
sure ments [21, 22]. The com bined mea sure ment un cer -
tainty of the ex per i men tal pro ce dure was less than 5 %.

RE SULTS

Fig ure 7 il lus trates the de pend ence of the ra tio of 
the sta tis ti cal de vi a tion to the mean value of the sta tis -
ti cal sam ple of the ran dom vari able elec tri cal break -
down on the volt age rise rate. The pa ram e ters of the
ex per i ment in cluded the shape of the elec tric field and
the pres sure of the SF6 gas.

Based on the re sults shown in fig. 7, it can be
con cluded that at low rates of volt age rise, the ran dom
vari able elec tri cal break down ex hib its lit tle (or no)
dis per sion for a ho mo ge neous elec tric field. For an
inhomogeneous elec tric field, there is a sta tis ti cal de -
vi a tion in the ran dom vari able elec tri cal break down.
For all in ves ti gated elec tric fields, both the sta tis ti cal
dis per sion and the mean value of the ran dom vari able
for elec tri cal break down in crease as the rate of volt age
rise in creases. In a ho mo ge neous field, this re la tion -
ship takes the form of a pa rab ola, whereas in
inhomogeneous and highly inhomogeneous field, the
ob served de pend ence is lin ear. All ob served de pend -
en cies are more pro nounced at lower pres sures and
lower overpressure val ues com pared to higher
overpressure val ues.

The re sults shown in fig. 7 can be ex plained by
the ra tio of the rate of volt age change to the rate of el e -
men tary pro cesses of elec tric dis charge in gases. Spe -
cif i cally, for low volt age rise rates, all el e men tary elec -
tric dis charge pro cesses in gases oc cur at a con stant
volt age value. There fore, the sta tis ti cal time shown in
fig. 7, is neg li gi ble. This means that break down oc curs 
at the min i mum value of the ran dom mag ni tude of the
break down volt age. This is true for a ho mo ge neous
field. How ever, this is not the case for an
inhomogeneous field. In an inhomogeneous elec tric
field (es pe cially a highly inhomogeneous one), the
crit i cal vol ume is small, so the ap pear ance of a free
elec tron in crit i cal vol umes is a sto chas tic quan tity.
This phe nom e non is more pro nounced at low pres sure
of SF6 gas, due to the fact that low pres sure im plies low 
den sity and, con se quently, a low con cen tra tion of free
elec trons.

Based on the re sults shown in fig. 7, it was de -
cided to ex am ine the sta tis ti cal na ture of the ob served
stochasticity of the ran dom vari able elec tri cal break -
down at a volt age rise rate of 1011 V/s (100 kV/µs).
Sta tis ti cal sam ples of the ran dom vari able elec tri cal
break down ob tained by volt ages with a rate of in -
crease of 100 kV/µs were ex am ined for be long ing to
the nor mal dis tri bu tion, the Weibull three-pa ram e ter
dis tri bu tion, the dou ble-ex po nen tial dis tri bu tion, and
the log a rith mic dis tri bu tion. The ob tained re sults with
the small est sta tis ti cal un cer tainty were adopted as
rep re sen ta tive dis tri bu tions for the ob served ran dom
vari able.

Ta ble 1 shows the ob tained sta tis ti cal dis tri bu -
tions with the cor re spond ing min i mum value of the
sta tis ti cal un cer tainty for quan ti ties, typ i cally rep re -
sented by the three-pa ram e ter Weibull dis tri bu tion.
Sta tis ti cal un cer tainty was de ter mined us ing the mod i -
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Fig ure 5. Cham ber and car rier of ion iz ing ra di a tion;
(a) – scheme of the cham ber, (b) – scheme of the car rier
of ion iz ing ra di a tion, (c) – pho to graph of the cham ber,
and (d) – cham ber for de ter min ing the tra jec tory and
neu tron spec trum of the AmBe source in He (to gether
with the Ge de tec tor cool ing sys tem)



fied Kolmogorov test. Cal cu la tions were based on the
level of sig nif i cance [21].

Con fir ma tion of this in ter pre ta tion is the sta tis ti -
cal ran dom vari ables elec tri cal break down shown in
figs. 8 and 9 and tab. 2.

Com par ing the ob tained re sults with sim i lar
find ings for electropositive and no ble gases [22-24],
re veals that the in su lat ing me dium in SF6 gas is not ho -
mo ge neous. This con clu sion is drawn from the ob ser -
va tion that in SF6 gas, the ran dom vari able elec tri cal
break down be haves ac cord ing to the three-pa ram e ter
Weibull dis tri bu tion. Since inhomogeneity is not a de -
sir able fea ture of in su la tion, ap ply ing ion iz ing ra di a -
tion in the inter-elec trode space has been shown to
achieve ho mo ge ne ity in in su la tion with an SF6 gas.
This ef fect is due to a sig nif i cant in crease in the num -
ber of free elec trons in the inter-elec trode space and
the elim i na tion of the ion ab sorp tion in
electronegative gases. Such an ef fect would be ben e fi -
cial for power plants in su lated with SF6 gas.

The find ings, shown in tabs. 1 and 2 and fig. 8
best con firm the im pulse char ac ter is tics de ter mined
based on ex pres sion 4 and il lus trated in fig. 9.

CON CLU SION

Con sid er ing the sto chas tic na ture of the ran dom
vari able elec tri cal break down of an SF6 gas within ho mo -
ge neous, inhomogeneous, and strongly inhomogeneous
fields, it was re vealed that the in su lat ing gas be haves as

inhomogeneous in su la tion. Such be hav ior of gas in su la -
tion vi o lates the ba sic prop erty of ho mo ge ne ity. The
inhomogeneity in the in su la tion char ac ter is tics of SF6 gas
is at trib uted to the small num ber of free elec trons and the
abun dance of neg a tive ions. This phe nom e non re sults in a
broader range of im pulse char ac ter is tics be tween 0.1 %
and 99.9 % prob a bil ity quantiles, which is highly un fa vor -
able for the ap pli ca tion of SF6 gas in su la tion. How ever,
this neg a tive ef fect can be mit i gated by us ing a and g ra di -
a tion.
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Fig ure 8. Elec tri cal break down of ran dom vari ables
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pres sure 1 bar, and (c) – highly inhomogeneous elec tric
field, pres sure 104 bar, inter-elec trode space in the field of
 ra di a tion, break down volt age rise rate 100 kV (µs)–1
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Ta ble 2. Sta tis ti cal nor mal dis tri bu tions of the ran dom
vari able elec tri cal break down and the cor re spond ing
min i mum sta tis ti cal un cer tainty in the field of a and g
ra di a tion, the rate of rise of the break down volt age
100 kV (µs)–1, with the ap pli ca tion of an  source and
with the ap pli ca tion of a g source

Elec tric field Pres sure
[bar]

Sta tis ti cal
un cer tainty
a field [%]

Sta tis ti cal
un cer tainty
g field [%]

Ho mo ge neous 10–3 4.21 4.29
Ho mo ge neous 1 3.95 4.02
Ho mo ge neous 4 3.86 4.00

Inhomogeneous 10–3 4.08 4.21
Inhomogeneous 1 3.88 4.08
Inhomogeneous 4 3.64 4.00

Ex tremely inhomogeneous 10–3 4.01 4.95
Ex tremely inhomogeneous 1 3.75 4.90
Ex tremely inhomogeneous 4 3.60 4.89

Ho mo ge neous 10–3 3.94 4.12
Ho mo ge neous 1 3.82 3.81
Ho mo ge neous 4 3.54 3.72

Inhomogeneous 10–3 3.88 3.41
Inhomogeneous 1 3.60 3.31
Inhomogeneous 4 3.21 3.12

Ex tremely inhomogeneous 10–3 3.87 3.45
Ex tremely inhomogeneous 1 3.35 3.52
Ex tremely inhomogeneous 4 3.20 3.61

Fig ure 9. Im pulse char ac ter is tics ob tained by ap ply ing
eq. (4) and mea sur ing elec tri cal break down in 100
ran dom vari ables us ing an im pulse volt age of 100 kV
(µs)–1 (a – ho mo ge neous field, pres sure 3.5 bar,
inter-elec trode dis tance 1 mm, b – ho mo ge neous field,
inter-elec trode dis tance 1 mm, pres sure 4 bar, a – with -
out a source of ion iz ing ra di a tion, with a source of  ion -
iz ing ra di a tion, b  – with out a source of ion iz ing
dis charge,
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UTICAJ  JONIZUJU]EG a  I  g  ZRA^EWA  NA  STATISTIKU  SLU^AJNO 
PROMENQIVE  ELEKTRI^NOG  PROBOJA  ELEKTRONEGATIVNIH  GASOVA

U radu je ispitivana stohasti~nost slu~ajne promenqive probojnog napona
elektronegativnih gasova (  gas) u homogenom, nehomogenom i izrazito nehomogenom elektri~nom
poqu. To ispitivawe je posredno omogu}ilo da se ispita homogenost izolacionih osobina elektro-
negativnog gasa u me|uelektrodnom prostoru. Ispitivawa su vr{ena pri pritiscima od 10‡3 bara do 5
bara i me|uelektrodnom rastojawu od 0,1  do 5 . Tokom ispitivawa je ustanovqeno da je izolacija
elektronegativnim gasom nehomogena u me|uelektrodnom prostoru. To je obja{weno velikim
afinitetom za stvarawem negativnih jona 6 gasa. Da bi se izbegla pojava nehomogenosti izolacije
elektronegativnim gasom, primeweno je  i  zra~ewe. Pove}awe broja slobodnih, potencijalno
inicijalnih, elektrona je homogenizovalo izolaciju elektronegativnim gasom.

Kqu~ne re~i: homogenost izolacije, elektronegativan gas, stohasti~ki pristup,
                         jonizuju}e zra~ewe


