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This pa per con sid ered the pos si bil ity of re duc ing the dis si pa tion of the trig ger time of the
three-elec trode spark gaps with a sep a rated trig gered elec trode. The work is of a the o ret i cal,
nu mer i cal and of ex per i men tal na ture. The ex per i ments were per formed on a spark gap model 
un der well-con trolled lab o ra tory con di tions. It was de ter mined that the re sults ob tained with 
the model can be ap plied to the spark gap pro to type. Un like the pre vi ous re search in this area,
the com puter-de signed spark gap that was used can be trig gered with one mech a nism only.
Also, as op posed to the pre vi ous study, a mix ture of SF6 and He gases and the third elec trode
with a dou ble ion iza tion ef fect were used. The ob tained re sults showed the op ti mal com bi na -
tion of the con struc tion so lu tion, in su la tion gas, trig gered im pulse, and the trig gered elec -
trode's shape, re duce the sto chas tic dis si pa tion of a ran dom vari able far in the sub-mi cro sec -
ond field. This re sult is of great sig nif i cance for the par al lel trig ger ing of cur rent and volt age
gen er a tors to ob tain the best su per po si tion sig nals.

Key words: three-elec trode spark gap, sta tis ti cal dis si pa tion of the trig ger time,
the mix ture of SF6 and He gases

IN TRO DUC TION

A syn thetic cir cuit for test ing high power
switches, an en ergy in ject ing sys tem into nu clear fu sion 
plasma, par al lel op er a tion of volt age or cur rent im pulse
gen er a tors, etc., can only be achieved by high-syn chro -
ni za tion trig ger switches [1, 2]. Such switches must not
be ex posed to sto chas tic pro cesses, i. e. when de ter min -
ing their pa ram e ters, the mea sure ment un cer tainty type
A should be zero (or ap prox i mately zero) [3, 4].

The spark switches have been used to achieve
these overly de mand ing con di tions [5, 6]. The func tion -
ing of the spark switches is based on bring ing the ex ter -
nal en ergy with a two-elec trode sys tem iso lated with re -
vers ible di elec trics, thus caus ing the break down. In this
way, the spark switch be comes con trolled.

The con trol of the spark switch is per formed
with a com puter sys tem, which, in ad di tion to the
spark switch, con trols and co-or di nates the whole se -
ries of the sys tem pa ram e ters in which the switch is in -
stalled [7, 8].

There are two con trolled spark gaps trig gered
meth ods: 1 – us age of an ad di tional (third) elec trode

and 2 – la ser in jec tion of the en ergy into the elec trode
space [9-11]. Since the us age of a third-elec trode has
shown a sat is fac tory de gree of syn chro ni za tion and
con trol la bil ity with eas ier fit ting into the con trol sys -
tem and cer tainly a lower price, it is more com monly
used [12-14].

This pa per ex am ined and com pared the meth ods
for min i miz ing the sta tis ti cal dis si pa tion of the trig ger
time or min i miz ing the jit ter, for the su per po si tion of
sig nals from the si mul ta neously trig gered gen er a tors.

THE TRIG GER ING MECH A NISM FOR
THE THREE-ELEC TRODE SPARK GAPS

The choice of the three-elec trode spark gaps
type is re duced to the po si tion choices of the trig gered
elec trode. Spe cif i cally, the con struc tion so lu tion of the 
three-elec trode spark gaps can be per formed with a
trig gered elec trode sep a rated from the main elec -
trodes, fig. 1(a) and a trig gered elec trode in side one of
the main elec trodes, fig. 1(b). This pa per ex am ined the 
char ac ter is tics and prin ci ples of func tion ing, a type of
three-elec trode spark gap with a sep a rated trig gered
elec trode from the main elec trodes.
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In or der to ex plain the mech a nism of op er a tion
of this spark gap type, it will be as sumed that one of the 
main elec trodes is lo cated at a pos i tive po ten tial (high
volt age main elec trode) and the other one is grounded
(grounded main elec trode). The third, trig gered elec -
trode, in this case, should be placed at the po ten tial of
the equipotential line on which it is lo cated (eas ily
achieved by an ohmic volt age di vider).

The trig ger ing of such a three-elec trode spark
gap is re al ized by bring ing a neg a tive im pulse to the
trig ger (third) elec trode. Three break down mech a -
nisms are then pos si ble de pend ing on the ra tions of
volt age UR, UD1, and UD2 shown in fig. 1.

If UR > UD2, af ter trig ger ing the third (trig gered)
elec trode, in some time t, it will reach the value of UD1.
This cre ates a con di tion for a break down be tween the
main high volt age elec trode and the trig gered elec trode.
This break down leads to an in crease in the volt age of the
trig ger elec trode. When the trig gered elec trode reaches
the value of UD2, af ter some time t, the break down oc curs 
be tween it and the main grounded elec trode. This ter mi -
nates the spark gap break down. Time, t, is the time re -
quired to form a spark [15]. Fig ure 2(a) shows the pro -
cess of this break down mech a nism (Mech a nism I).

If UR < UD2, af ter trig ger ing the third (trig gered)
elec trode, for some time, t, it will reach the value of UR.
This cre ates a con di tion for the break down be tween the
main high volt age elec trode and the trig gered elec trode.
The trig gered elec trode is re tained at the UR volt age un til 

the break down volt age be tween the trig gered elec trode
and the main grounded elec trode does not drop to the UR

value due to the photoionization in duced by the pre vi ous
break down. At that point, the break down oc curs be tween 
the main elec trodes. This ter mi nates the spark gap break -
down. Fig ure 2(b) shows the pro cess of this break down
mech a nism (Mechanism II).

If UD1 ¹ UD2, the trig ger ing of the three-elec trode
spark gaps will be pos si ble only if the trig gered elec trode
is not lo cated in the mid dle be tween the main elec trodes,
oth er wise, the break down oc curs first be tween the main
grounded elec trode and the trig gered elec trode. In this
case, af ter trig ger ing the third (trig gered) elec trode, af ter
some time, t, a break down oc curs be tween the main
grounded elec trode and the trig gered elec trode. Af ter the
break down be tween these two elec trodes, the trig gered
elec trode has a grounded po ten tial. As in the pre vi ous
case, this break down leads to photoionization, which re -
duces the break down volt age value be tween the trig -
gered elec trode and the main high volt age elec trode. At
that point, a break down oc curs be tween the main elec -
trodes. This ter mi nates the spark gap break down. Fig ure
2(c) shows the pro cess of this break down mech a nism
(Mechanism III).
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Fig ure 1. The three-elec trode spark gap:
(a) the trig gered elec trode out side the main elec trode 
and (b) the trig gered elec trode in the main elec trode

Fig ure 2(a). The trig ger Mech a nism I

Fig ure 2(b). The trig ger Mechanism II

Fig ure 2(c). The trig ger Mechanism III



Since the trig ger ing, in all three de scribed mech -
a nisms, is per formed by im pulse volt age of the trig ger
volt age value and the trig ger time, these are sto chas tic
mag ni tudes [16]. In the case of Mechanism I, which is
the least sto chas tic as, in that case, the spark trig ger ing
does not de pend on the sto chas tic oc cur rence of elec -
tri cal dis charge in the interelectrode space as a con se -
quence of the first break down step [17, 18].

A mea sure of the qual ity of the three-elec trode
spark gaps is the sta tis ti cal dis si pa tion of the trig ger
time. The smaller it is, the greater the spark gap. This is 
im por tant be cause the spark gap dur ing the ap pli ca tion 
should per form the trig ger ing at the right time. This is
par tic u larly pro nounced when mul ti ple iden ti cal spark 
gaps si mul ta neously per form the trig ger ing by mul ti -
ple par al lel-cou pled volt age (or cur rent) gen er a tors in
or der to sub sti tute sub-mi cro sec ond width out put sig -
nals with min i mal jit ter (in high en ergy phys i cal ex -
per i ments) [19, 20]. For this pur pose, it is ad vis able to
use a spark gap in which the trig ger ing is per formed by  
Mech a nism I (for the rea sons stated above).

The trig ger time of the three-elec trode spark gaps,
tt is the ex pir ing time from the mo ment of bring ing the
im pulse volt age to the trig gered elec trode un til the mo -
ment of the spark gap break down-ends. The com po nents
of the trig ger time Mech a nisms I are: 1 – dc time, tDC (the
ex pired time from bring ing the im pulse volt age to the
trig gered elec trode to achiev ing a po ten tial dif fer ence be -
tween the trig gered elec trode and main high volt age elec -
trode equal to the dc break down volt age value of that
interelectrode gap); 2 – sta tis ti cal time, ts (the ex pired
time from the ap pear ance of a free elec tron in the space
vol ume, the so-called crit i cal vol ume, within which a
free elec tron can ab sorb enough en ergy at one me dium of 
the free path from the elec tric field to per form ion iza tion
and thus be come an ini tial elec tron), 3 – the time of av a -
lanche for ma tion tl (the ex pired time from the for ma tion
of the first av a lanche and ter mi nates ter mi nated by bridg -
ing the interelectrode space with the first streamer), and 4 
– the for ma tive time, tf (the ex pired time from the
thermo-ion iza tion be gin ning of the streamer to the end of 
the break down) [21-24]. Fig ure 3 shows the com po nents
of the trig ger time.

As the trig ger ing of a three-elec trode spark gaps
con sists of two ap prox i mately sym met ri cal steps, it
can be shown by the eq. (1)

t t t t tt DC s f= + + +2 2 2l (1)

In eq. (1) all mag ni tudes are sto chas tic, so the
trig ger time is also sto chas tic.

To the sta tis ti cal na ture trig ger time  con trib utes
the most to the  and at least to the   (which for a con stant 
form of the trig ger im pulse is al most a de ter min is tic
mag ni tude). The times  and  are sto chas tic mag ni tudes
with less pro nounced sta tis ti cal dis si pa tion than the
time  [25-27].

Con sid er ing the pre vi ous ex pla na tion, it can be
con cluded that to op ti mize the char ac ter is tics of the

three-elec trode spark gaps, the fol low ing is re quired: 1 –
con struct the three-elec trode spark gaps which are 100 % 
trig gered by Mech a nism I, and 2 – min i mize the sta tis ti -
cal dis si pa tion of the trig ger time by se lect ing the trig ger
im pulse shape, elec trode pro cess ing, choos ing the ma te -
rial of the elec trode and the in su lat ing gas [28-30].

COM PUTER DE SIGN OF
THREE-ELEC TRODE SPARK GAPS

The ini tial phase for the com puter de sign of the
three-elec trode spark gaps trig gered by the Mech a -
nism I is the ba sic form of the three-elec trode spark
gaps with the trig gered elec trode mid way be tween the
main elec trodes, fig. 4 (i. e. with the stan dard trig gered
elec trode). The cal cu la tion pa ram e ters were: the ra -
dius of the main elec trodes, R, the interelectrode dis -
tance, d, the di am e ter of the cen tral cav ity of the trig -
gered elec trode, Æ, the thick ness of the third elec trode, 
e, and the ra dius of cur va ture of the edge of the third
elec trode, r. 

The elec tric field in the interelectrode space was
cal cu lated by the charge sim u la tion method. The num -
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Fig ure 3. The trig ger pro cess by Mech a nism I and
com po nents of the trig ger time

Fig ure 4. The gen eral form of a three-elec trode spark
gap for trig ger ing by Mech a nism I: (a) the stan dard
form and (b) the  pa ram e ters for cal cu la tion



ber of con tour and con trol points were set au to mat i -
cally de pend ing on the de sired ac cu racy (which was
high). Fig ure 5 shows an ex am ple of an elec tric field
cal cu la tion de scribed by a three-elec trode spark gap
method that ac com plished the trig ger re quire ment by
the Mech a nism I [31-33].

Fol low ing the cal cu la tion of the elec tric field,
the break down volt age was cal cu lated ac cord ing to the 
con di tion for the streamer break down mech a nism, as,
ac cord ing to the prod uct value pd (gas pres sure x
interelectrode dis tance in the spark gap), only this
mech a nism could be ex pected [34, 35]. Tausend's co -
ef fi cients for the ap plied gases and gas mix tures were
de ter mined based on the as sump tion of Maxwell's
free-elec tron gas dis tri bu tion [36].

EX PER I MENT AND PRO CESS ING
OF EX PER I MEN TAL RE SULTS

The idea of the ex per i ment was to de ter mine the in -
flu ence ex erted on the sta tis ti cal dis si pa tion of the trig ger
time of the nu mer i cally de signed spark gap in the un sta -
ble equi lib rium (i. e. at a volt age be tween the main elec -
trodes 5 % lower than the spon ta ne ous break down volt -
age) of the fol low ing pa ram e ters: 1 – com po si tion of the
work ing gas mix ture ́  SF6 + (1 – x) He, 2 – shape of the
trig ger im pulse, and 3 – shape of the in ner edge of the
trig gered elec trode.

For the pur pose of this ex per i ment, a flex i ble
model of op ti mal di men sions de ter mined by the nu mer -
i cal pro ce dure (R = 18 mm, d = 0.55 mm, Ø = 0.25 mm,
e = 2.5 mm, and r = 0.25 mm) was made, fig. 6. The
small di men sions of the spark gaps model made it pos si -
ble to ex per i ment with spark gap char ac ter is tics that
could not be cap tured by the com puter de sign pro ce -
dure. The re sults ob tained on the spark gap model
could, un der the law of sim i lar ity, be trans mit ted to the
pro to type and the fi nal prod uct of the spark gap [37].
Such a pro ce dure, i. e. suit ably re duced spark gap

model, sim pli fies the ex per i ment, and the re sults ob -
tained pro vide re li able guid ance for the fur ther
con struc tion of the fi nal spark gaps.

The spark gap model is con nected to the gas cir -
cuit, af ter mul ti ple vac u um ing and rins ing with SF6
gas, filled with a gas mix ture ́  SF6 + (1 – x) He of the
de sired com po si tion and pres sure (i. e. 5 % less than
the spon ta ne ously trig gered pres sure de ter mined nu -
mer i cally and ex per i men tally). The com po si tion of the 
mix ture was de ter mined ac cord ing to the law of ad di -
tive (par tial) pres sures [38, 39]. Dur ing the ex per i -
ment, the per cent age of the SF6 gas in the mix ture was: 
90 %, 80 %, 70 %, and 60 %. Fig ure 7 shows the gas
cir cuit for the vac uum and the  model of the three-elec -
trode spark gaps gas filled.

Fig ure 8 shows the cir cuit for the trig ger time
mea sur ing. The cir cuit for trig ger ing of the three-elec -
trode spark gaps in the cir cuit shown in fig. 8 had a DC
out put (DC volt age rise rate of 8 Vs–1) and lin ear im -
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Fig ure 5. The cal cu la tion of spark gap di men sions
for trig ger ing by Mech a nism I; · fic ti tious charges,
· check points, ···· field lines

Fig ure 6. The flex i ble ex per i men tal model
of the three-elec trode spark gap

Fig ure 7. The main sys tem for fill ing the
three-elec trode spark gaps with the gas mix ture;
1 – cham ber, 2 – SF6 gas, 3 – He gas, 4 – vac uum gauge,
5 – two po si tion valve, 6 – air, 7 –  ma nom e ter, 8 – ir ra di -
a tion, 9 – vac uum pump, and 10 – pre ci sion vac uum



pulse out put (for im pulse rise rate 1 kV(µs)–1, 5
kV(µs)–1, 10 kV(µs)–1, 20 kV(µs)–1, 50 kV(µs)–1, and
100 kV(µs)–1. The im pulse volt ages were the dou -
ble-ex po nen tial am pli tude type, sig nif i cantly larger
than the break down volt age value. The trig ger time
was mea sured by a fast nano sec ond com pen sated ca -
pac i tive di vider [40]. Dur ing the mea sure ment, the
mea sur ing and con trol in stru ments were placed in a
100 dB pro tec tion cabin that was gal van i cally sep a -
rated from the mea sur ing cir cuit. The ex per i ments
were per formed un der well-con trolled lab o ra tory con -
di tions. The com bined mea sure ment un cer tainty was
less than 5 % [41-43].

The SF6 in su la tion gas is very com monly used in
electroenergetics. The us age of this gas has pre vailed
be cause of its good in su la tion char ac ter is tics as a re -
sult of its electronegativity, as well as other prop er ties.
The use of SF6 gas en ables a sig nif i cant re duc tion in
the di men sions of in di vid ual electroenergetic com po -
nents. Ac cord ingly, the SF6 is the ba sic in su la tion gas
in the three-elec trode spark gaps. How ever, with the
gas ten dency to gen er ate neg a tive ions, it re duces the
num ber of free elec trons and sig nif i cantly ex tends the
sta tis ti cal time (and thus its sto chas tic dis si pa tion).
The SF6 gas also pro longs the for ma tive time and its
sta tis ti cal dis si pa tion as the large SF6 mol e cule by its
in er tia slows down the thermo-ion iza tion pro cess. To
re duce these two ef fects that in crease the sta tis ti cal
dis si pa tion of the trig ger time, the three-elec trode
spark gaps were iso lated by a gas mix ture of SF6 and
He. The He is a monoatomic gas of ex tremely low ion -
iza tion en ergy (it re leases elec trons eas ily), of low
mass, i. e. high mo bil ity and no vi bra tional and ro ta -
tional quan tum me chan i cal states. These prop er ties
cre ate a pos i tive syn er gis tic ef fect in the three-elec -
trode spark gaps in the SF6 gas mix ture. Namely, its
easy re lease of elec trons com pen sates for the loss of
elec trons due to their cap ture by the electronegative
SF6 gas and thus pre vents the in crease of sta tis ti cal
time. The mo bil ity of he lium ions ac cel er ates the heat
trans fer in the strimmer and sig nif i cantly short ens the
thermo-ion iza tion pro cess and there fore the sta tis ti cal
dis si pa tion of the for ma tive time. The lack of vi bra -
tional and ro ta tional states of the He atom pre vents the
shift of the free elec tron gas spec trum to wards lower
en er gies and in creases the prob a bil ity of their cap ture

by SF6 mol e cules. Fi nally, the ap pli ca tion of the
SF6/He mix ture also has the ef fect of re duc ing the
green house ef fect, since the SF6 gas is one of the most
re spon si ble gases for its for ma tion [44, 45].

From fig. 3 it is ob vi ous that the shape of the trig -
gered im pulse af fects the sta tis ti cal time. The too fast
im pulse re duces sta tis ti cal time but in creases its sta tis -
ti cal dis si pa tion. It is sim i lar to the too slow im pulse.
The too-slow im pulse in creases sta tis ti cal time, but
also in creases its sta tis ti cal dis si pa tion. Dur ing the ex -
per i ments pre sented in this pa per, us ing a wide range
of the trig gered im pulse rate, the op ti mal form of the
trig ger im pulse was searched for the op er a tion of the
three-elec trode spark gaps with min i mum sta tis ti cal
dis si pa tion of the trig ger time.

As noted, the big gest con tri bu tion to the sta tis ti -
cal dis si pa tion of the trig ger time orig i nates from the
sta tis ti cal dis si pa tion of the sta tis ti cal time, ts. In or der
to re duce it, the con cen tra tion of free elec trons near the 
trig gered elec trode (cath ode) should be in creased. In
ad di tion to that, the ex per i ment was per formed with
three types of elec trodes (the stan dard trig gered elec -
trode, the A type elec trode, and the B type elec trode,
fig. 4 and fig. 9. The idea of ap ply ing the elec trodes in
fig. 9 A type elec trode was that its sharp edge (the ra -
dius of cur va ture which tends to zero) would cause a
large lo cal in crease in the elec tric field (i. e. of crit i cal
vol ume) and cause the cold elec trons' emis sion. The B
type elec trode of fig. 9, from its side with two such
edges, as sumed to in crease the con cen tra tion of cold
elec trons' emis sion (and fur ther in crease the crit i cal
vol ume), and the cav i ties lo cated be tween the sharp
edges were in tended to pro vide the ad di tional emis -
sion of free elec trons by the hol low cath ode ef fect [46,
47]. These cav i ties in the trig gered elec trode had di -
am e ters greater than the mean elec tron path length in
the ap plied gas mix ture (at a given pres sure), and they
had been coated with an elec tron al loy (due to small
val ues of pos si ble out put work). In these cav i ties, an a
– ra dio ac tive 241Am source was also added dur ing the
ex per i ment, for the pur pose of in creas ing the ion iza -
tion in the cav i ties (time and the hol low cath ode ef -
fect).

The ex per i men tal pro ce dure was per formed in the
fol low ing steps: 1 – mea sure ment of 1000 val ues of the
trig ger time of the dc trig ger volt age (volt age rise rate 8
Vs–1, 2 – mea sur ing 1000 val ues of the trig ger times of
pulse volt ages rates 1 kV(µs)–1, kV(µs)–1, 10 kV(µs)–1,
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Fig ure 8. The cir cuit for trig ger time mea sur ing

Fig ure 9. Tested third elec trode shapes: (a) A type and
(b) B type; 1 – cav i ties with or with out the 241Am ra dio ac tive
source



20 kV(µs)–1, 50 kV(µs)–1, and 100 kV(µs)–1, 3 – mea -
sure ment of 100 val ues of the trig ger time with vari a tion
of the per cent age of He in the in su lat ing mix ture, 4 – a
mea sure ment of 100 val ues of the trig ger time with a va -
ri ety of trig ger elec trode types, and 5 – a mea sure ment of
100 val ues of the trig ger time at pres sures of 1 bar, 2 bar,
3 bar, 4 bar, 5 bar, and 6 bar. A mix ture of 0.8SF6 + 0.2He
at a pres sure of 4 bar, a 50 kV(µs) – 1 trig ger im pulse and a 
stan dard trig gered elec trode were used for all mea sure -
ments when it was not par tic u larly em pha sized. The pro -
cess of mea sur ing and pro cess ing the re sults was fully
au to mated.

The pro cess ing of the re sults ob tained by the ex -
per i men tal pro ce dure in cluded the fol low ing steps: 1 –
all ran dom vari ables of the ob tained sta tis ti cal sam ples
were ex am ined ac cord ing to Chauvenet's cri te rion, in or -
der to (if pos si ble) re ject doubt ful mea sure ment re sults, 2
– all sta tis ti cal sam ples of ran dom vari ables trig ger times
were tested by ap ply ing the c2 test and the Kolmogorov
test for be long ing to the Nor mal and Weibull dis tri bu -
tions; 3 – each sta tis ti cal sam ple of 1000 val ues of a ran -
dom vari able of the trig ger time ob tained by DC volt ages
and im pulse volt ages were di vided into 20 chro no log i cal
sub-sta tis ti cal sam ples and tested by U-test for be long ing 
to a unique sta tis ti cal dis tri bu tion of ran dom sam ples
trig ger time of in di vid ual sta tis ti cal sam ples, and 4 – for
sta tis ti cal sam ples of 50 ran dom vari ables ob tained by
other ex per i ments, the sta tis ti cal dis posal of the ran dom
vari able was de ter mined by the mo ment method, de -
pend ing on the pa ram e ters of the ex per i ments un der
which they were ob tained.

RE SULTS AND DIS CUS SION 

As al ready men tioned, the ex per i men tal pro ce -
dure was per formed un der well-con trolled lab o ra tory
con di tions. A well-planned and com puter-con trolled
pro cess has pro duced con sis tent re sults. Namely, of all 
the ran dom vari ables that have been mea sured, the
trig ger time of all ex per i men tally de ter mined sta tis ti -
cal sam ples of Chauvenet's cri te rion did not de tect any
re sult as sus pi cious and marked for re jec tion.

Re gard ing the af fil i a tion of ex per i men tally ob -
tained ran dom vari ables, the trig ger times of all sta tis -
ti cal sam ples of the Nor mal and Weibull dis tri bu tions,
the ob tained re sults in di cate that the tested dis tri bu -
tions can be ap plied equally. More spe cif i cally, test ing
of the ex per i men tally ob tained sta tis ti cal sam ples
showed that about 3 % of the sta tis ti cal un cer tainty be -
longs to the Weibull dis tri bu tion, and about 5 % to the
Nor mal dis tri bu tion. This is a rel a tively sur pris ing re -
sult since the ran dom vari ables which are char ac ter is -
tic of an elec tri cal break down usu ally be long to the
min i mum value dis tri bu tions (Weibull dis tri bu tion is
the most com mon ex am ple) since they can not be sym -
met ri cal by the logic of the ob served phe nom e non (the
gas break down).

Fig ure 10 shows the re sult of the U-test with a
sta tis ti cal un cer tainty of 2 % of the sta tis ti cal sub-sam -
ples of a ran dom vari able, the break down times ob -
tained by dc trig ger ing and trig ger im pulse. The U-test
was pri mar ily in tended to de ter mine whether all trig -
gers of the three-elec trode spark gaps oc curred by
Mech a nism I. Namely, the com puter al go rithm ap -
plied to the ex per i men tal de signed model of the spark
gap was based on dc break down mech a nisms. How -
ever, in re al ity, the trig ger mech a nism is ex erted by an
im pulse volt age. Since the value of the dc break down
volt age is a de ter min is tic mag ni tude and the value of
the im pulse break down volt age is sto chas tic, it could
be ex pected that in the case of im pulse trig ger ing,
some times a de vi a tion from the trig ger ing of Mech a -
nism I would oc cur. The re sults which are shown in
fig. 10 and the sizes of the tested sam ple con firm (with
a sta tis ti cal un cer tainty, the or der of the size of per
mille) the jus ti fi ca tion of the ap plied de sign method of
the three-elec trode spark gaps.

Fig ure 11 shows the ef fect of the per cent age of
He in the in su lat ing mix ture on the mean value and the
sta tis ti cal dis si pa tion of the ran dom value of the trig -
ger time, ob tained at a pres sure of the mix ture of 4 bars
by a spark gap with a stan dard elec trode. It is ob vi ous
from fig. 11 that the mean of the trig gered volt age and
the sta tis ti cal dis si pa tion of the trig ger time de creases
with an in creas ing per cent age of the mix ture. This ef -
fect is sta bi lized for a per cent age com po si tion of He
about 20 %. The fur ther in creas ing of the per cent age
com po si tion does not re duce the sig nif i cant sta tis ti cal
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Fig ure 10. The re sults of the U-test  for the af fil i a tion of
all ran dom vari ables with the trig ger time of the same
sta tis ti cal sam ple: (a) dc trig ger ing and (b) trig ger
im pulse; I – the hy poth e sis is ac cepted, II – the hy poth e sis is
re jected



dis si pa tion of the ran dom vari able of the trig ger time,
but de creases the value of the volt age break down. For
this rea son, and con sid er ing both the eco nomic as -
pects and the sustainability of the com po si tion of the
mix ture for a long time, 0.8SF6 + 0.2He proved to be
the op ti mal per cent age com po si tion of the mix ture.

Fig ure 12 shows the sta tis ti cal de vi a tions of the
ran dom vari able ob tained by ap ply ing dif fer ent trig ger   
im pulse rates. A stan dard trig ger elec trode was used.
Based on fig. 12 it can be con cluded that the least sta -
tis ti cal dis si pa tion of the ran dom mag ni tude of the
trig ger time is the one ob tained by im pulses of the ve -
loc ity of 50 kV(µs)–1.

Fig ure 13 shows the in flu ence of the trig gered
elec trode shape on the mean value and the sta tis ti cal
dis si pa tion of the ran dom vari able of the trig ger time. It
is also ob vi ous from fig. 13 that the least sta tis ti cal dis si -
pa tion of the ran dom vari able is when the B-type trig ger 
elec trode whose cav i ties con tain a small amount of
241Am is ap plied. In case the cav ity of the trig gered
elec trode is only al loyed with an elec tron, the sta tis ti cal
dis si pa tion of the ran dom vari able of the trig ger time is

slightly higher (but with the eco log i cal ad van tage of un -
used ra dio ac tive sources). Fig ure 13 also clearly shows
the syn ergy of the in flu ences of all the ef fects tested on
the ran dom vari able. It is pos i tive. The sta tis ti cal dis si -
pa tion of the ran dom mag ni tude of the trig ger time is the 
break down time in the case of the B-type  elec trode with 
cav i ties con tain ing a small amount of 241Am trig gered
by an im pulse of 50 kV(µs)–1 about 5 ns.

Fig ure 13 The in flu ence of the trig gered elec -
trode shape on the mean value and the sta tis ti cal dis si -
pa tion of the trig ger time; mix ture of 0.8SF6 + 0.2He,
rise rate of 50 kV(µs)–1; 1 – the stan dard third elec -
trode, 2 – the third elec trode A-type, and 3 – the third 
B-type elec trode with no ra dio ac tive source, 4 – the
third B-type elec trode with a ra dio ac tive source

It should be men tioned here that the ap pli ca tion
of dif fer ent pres sures, 1 bar, 2 bar, 3 bar, 4 bar, 5 bar,
and 6 bar, did not af fect the re sults, i. e. iden ti cal re -
sults were ob tained.

CON CLU SION

Ow ing to new so lu tions ap plied for the con struc -
tion of the three-elec trode spark gaps with a sep a rate trig -
gered elec trode, the sta tis ti cal dis si pa tion of the ran dom
trig ger time vari able that ac com plish the re quire ments of
high-en ergy phys ics (i. e. lo cated in the sub-mi cro sec ond 
field) have been ob tained. This is mainly due to the com -
puter de signed so lu tion, which al lows only one, op ti mal
trig ger mech a nism. Fur ther more, the ap pli ca tion of a
mix ture of SF6 and He con trib uted to in creas ing in a
num ber of free (ini tial elec trons po ten tially) since He
readily re jects one elec tron and does not slow down the
spec trum of the free elec tron gas by arous ing the vi bra -
tional and ro ta tional quan tum me chan i cal states of its
atom (thereby in creas ing the prob a bil ity of pro duc ing
neg a tive SF6 ions). The in creas ing num ber of free elec -
trons, es pe cially in the crit i cal vol ume, is con trib uted by
the third elec trode with a dou ble-ion iza tion pro cess. The
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Fig ure 11. The in flu ence of the per cent age of He in the
mix ture on the mean of the sta tis ti cal dis si pa tion of the
trig ger time; rise rate of 50 kV(µs)–1, stan dard trig ger
elec trode

Fig ure 12. The in flu ence of the trig ger im pulse rate on
the mean value of the sta tis ti cal dis si pa tion of the trig ger
time; mix ture of 0.8 SF6 + 0.2 He, stan dard trig gered
elec trode

Fig ure 13. The in flu ence of the trig gered elec trode shape
on the mean value and the sta tis ti cal dis si pa tion of the
trig ger time; mix ture of 0.8 SF6 + 0.2 He, rise rate of
50 kV(µs)–1; 1 – the stan dard third elec trode, 2 – the third 
elec trode type A, 3 – the third type B elec trode with no
ra dio ac tive source, 4 – the third type B elec trode with a
ra dio ac tive source



in crease in the num ber of free elec trons sig nif i cantly
con trib utes to the de crease in the sta tis ti cal dis si pa tion of
the sta tis ti cal time, which con trib utes most to the sta tis ti -
cal dis si pa tion of the trig ger time. With its pres ence, gas
He also helps to re duce the sta tis ti cal dis si pa tion of the
for ma tive time as it ac cel er ates the thermo-ion iza tion
pro cess with its small mol e cule. It is im por tant to point
out that ex per i ments at dif fer ent pres sures have shown
that the re sults ob tained are not de pend ent on the pres -
sure. This in di cates that the op ti mal con struc tion so lu tion 
ob tained in the re duced model, can be trans ferred to the
en larged pro to type ac cord ing to the law of sim i lar ity
with out tak ing, as a geo met ric pa ram e ter, the mean free
path length of the elec tron (which is of ten a lim i ta tion for
the ap pli ca tion of the law of sim i lar ity).
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OPTIMIZACIJA  BRZIH  TROELEKTRODNIH
ISKRI[TA  IZOLOVANIH  SME[OM  SF6  I  He

U ovom radu razmatrana je mogu}nost smawewa rasipawa okidnog vremena troelek-
trodnog iskr{ta sa izdvojenom okidnom elektrodom. Rad je teorijske, numeri~ke i eksperimen-
talne prirode. Eksperimenti su ra|eni na modelu iskri{ta pod dobro kontrolisanim labo-
ratorijskim uslovima. Dokazano je da se rezultati dobijeni na modelu mogu primeniti na prototip
iskri{ta. Za razliku od dosada{wih istra`ivawa u ovoj oblasti, kori{}eno je kompjuterski
dizajnirano iskri{te koje mo`e biti okinuto samo jednim mehanizmom. Tako|e su, u odnosu na
prethodna istra`ivawa, kori{}ene sme{e gasova SF6 i He kao i tre}e elektrode sa dvostrukim
jonizacionim efektom. Dobijeni rezultati su pokazali da optimalna kombinacija konstruk-
cionog re{ewa, izolacionog gasa, okidnog impulsa i oblika okidne elektrode smawuju stoha-
sti~ko rasipawe slu~ajne promenqive daleko u sub mikrosekundnu oblast. Ovaj rezultat je od
velike va`nosti za paralelno okidawe strujnih i naponskih generatora u ciqu superpozicije
signala.

Kqu~ne re~i: troelektrodno iskri{te, statisti~ko rasipawe vremena okidawa,
                         sme{a gasova SF6 i He


