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Mechanisms of Electrical Berakdown in Low Vacuums

D. llic, D. Mostic, E. Dolicanin, K. Stankovic, P. Osmokrovic

Abstract: Justification of the hypothesis about the avalanche meshmaiivacuum breakdown
is examined. For that purpose, values of dc and impulse Hoxakvoltage have been measured
under well defined laboratory conditions, in the pressungedrom 10-6 mbar to 1 bar, and for
inter-electrode distances from 0.1 mm to 1 mm. Variablepatars of the experimentincluded
the type of the residual gas and the material of the electrivdéihe system used for forming a
homogeneous electric field. Statistical analysis of expenital results and their comparison to
the predictions of a theoretical model, attest that theaanalle mechanism of breakdown does
come about in low vacuums.

Keywords: initial mechanisms, vacuum breakdown, vacuum avalanclohamesm, statistical
analysis.

1 Introduction

Vacuum breakdown is initiated by the formation of a cloudporated electrode ma-
terial, within which breakdown develops through the avellenmechanism of gas discharge
[1,2,3]. The critical issued for this process is the creatda sufficient starting amount of
metal vapor, and for this purpose it is necessary to proviteaat one of the electrodes with
enough energy to cause its thermal instability. Thermablmbty of one of the electrodes
can be caused by the emission mechanism, by electrode ahatecro-particles acceler-
ated in the electric field, or through the avalanche effethéadsorbed residual gas layer
on the electrodes [4,5,6].

The ground of all emission hypotheses is the notion that ldetren emission current,
caused by the electric field, produces thermal instabilitgree or both of the electrodes,
followed by evaporation of electrode material into the lirgkectrode region. Depending
on the electrode at which thermal instability first occuns,eanission mechanism can be
an initiatory breakdown mechanism of either cathode or artggde, corresponding to a
cathode-type or an anode-type breakdown, respectivedyd]7,
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During a cathode-type vacuum breakdown, thermal instgbili the cathode occurs
when the emission current from its micro-spikes exceedgstainecritical value at which
they melt and evaporate due to the Joule effect [10,11,12Th@ very initiation of vacuum
breakdown is a consequence of cold electron emission fraghoda micro-spikes, which
is a quantum mechanical effect caused by the decrease obthaetial barrier for electron
emission, due to the presence of a high local electric fielthénvicinity of micro-spikes
with extremely small radii of curvature. Although the inséy of this cold emission cur-
rent is not high, the small cross-section of micro-spikesoants for high current density,
which produces heating of micro-spikes and the emersiorobélectron emission. Joule
losses produce an irreversible temperature rise, ammijfgie electron emission current
and additionally increasing resistance of micro-spikelisTh term causes further rise of
Joule losses and leads to micro-explosions of micro-buegk® The plasma that is thus
formed is dense enough to afforce electric field at the eddetisurface through the Debye
field. The forming of cathode plasma ensues, which does meadgsignificantly from the
cathode, while the cloud of anode plasma spans across #reelettrode gap, finally pro-
ducing the breakdown. Breakdown occurs virtually instaatasly after the critical value
of emission current is reached, resulting in values of pudseand dc breakdown voltages
being practically equal. The time needed for micro-spikbsrmal instability to develop
during the cathode initiated vacuum breakdown is short{QdO us), as is the time corre-
sponding to the bridging of inter-electrode gap (20 - 5&). Hence, the initiation time for
cathode vacuum breakdown is under 0$6[14,15].

In the course of an anode-type breakdown, thermal instaluifithe anode is brought
about by the cathode emission current, formed through teeiqusly described mecha-
nism, that causes local heating, melting and evaporatian ahode stain, while at the same
time the emitting cathode micro-spikes are thermally stal#iccording to some authors,
the processes at the anode depend upon the energy and airtbatemitted electrons,
which affect their penetration depth into the surface ofdhede [16]. The evaporation
at the anode procedes until sufficient density of anode maateapor appears so that the
Townsend condition for gas breakdown is met. The time forauwum breakdown to initi-
ate and develop through this mechanism is estimated as104,15,16].

There is always a multitude of loosely bound or free micrtpas at the electrodes
in vacuum, originating from the melting of material in prews breakdowns, switching
operations, or the fabrication of the electrode system. Méegoltage is fed to the elec-
trodes, these microparticles are charged by electrostaticction and then accelerated by
the electrostatic force in the inter-electrode region.eAfiaining enough energy from the
electric field, microparticles evaporate upon collidinghwihe electrodes. The change of
electrode surface topography enhances emission mectsapifithe cathode, which ad-
ditionally ionize the formed cloud of vapor. Plasma thathisg formed spreads until the
Townsend condition for breakdown is fulfilled in it. The tirff@ a vacuum breakdown to
initiate through the micro-particle mechanism is estirdatel0us [17,18,19,20].

The hypothesis about the avalanche mechanism of vacuurkdanea rests upon the
assumption that vacuum breakdown can be initiated by wahie@ftalanche effect in an
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adsorbed gas layer or in impurities at the electrodes. Tdisiwm breakdown mechanism
should be possible in systems that are not entirely pure lomirvacuums. The product of
secondary electrode coefficients needs to be greater thaedning that a charged parti-
cle drifting through the inter-electrode region producastiplication upon collisions with
molecules of adsorbed gas or impurities, giving rise togelaamount of charged particles,
eventually leading to breakdown. An estimated time for kdesn initiation and devel-
opment through this mechanism would be about 1 ?s. The hggpisthbout the avalanche
mechanism of vacuum breakdown set up in this way has not bgmrimentally proven
yet [21,22,23].

2 Experimental procedure and processing of measurement reffs

Investigations of the breakdown mechanism in constantwasuincluded measurements
of dc and impulse breakdown voltages, as well as of the eomssharacteristicy_4, de-
fined as the dc voltage value at which the emission currer®iéA, that in most cases is
empirically shown to be approximatelly equal to one-halthed breakdown voltage. The
emission characteristidg 4 is a stochastic quantity, since emission loci which defiree th
emission current differ greatly in structure.

Investigations in the pressure range from 1 bar to'Ifibar were conducted in a spe-
cially constructed chamber with the possibilities of atipg the inter-electrode gap and
changing the electrodes. The chamber was designed for-pnelesures, and was able to
hold a constant pressure value of a work gas in the pressoge tesed in experiments for
longer than 24 h, which was established empirically withi%o Xype B relative measure-
ment uncertainty (Fig. 1 a). The chamber was connected igsa/acuum circuit with
built in mechanical and diffusion pumps that enabled thepgassure in the chamber to be
set with type B relative measurement uncertainty lower théf

For the 10! mbar to 10° mbar pressure range vacuum diodes with fixed electrode
positions were used, produced specifically for the expdesméth the desired pressures,
residual gasses, electrode materials and inter-electfapie (Fig. 1 b). The glass enclosure
(bulb) of the vacuum diodes was made of 8245 Jena Schott @gdmsatory molybdenum
glass), while the metal leads were molybdenum wires (whiduieed vacuum-tight sealing
of the glass-metal junctions). Vacuum diodes were filledhwibrking gasses and evacuated
by the same procedure used for the previously described lranGas evacuation was
performed through a specially designed capilar that woeldséaled off after baking at
48(°C. Vacuum diode pressures were obtained with type B relatieemainty lower than
1 %.

Residual gases in the chamber and vacuum diodes were thieeégative SF6, elec-
tropositive N2, and noble Ar. The electrode system, prongjdh homogeneous electric
field, consisted of cylindrical electrodes made out of cogpeéth a 4.47 eV work func-
tion), elektron (1.8 eV work function), aluminium (3.74 eVobuk function), or tungsten
(4.5 eV work function). Electrodes were polished to a higkagh prior to installation. Dur-
ing the experiment, the inter-electrode gap was varied fddirmm to 1 mm, set with type
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Fig. 1. a) Specially constructed chamber used for invetitigs in the pressure range from 1 bar to 1@nbar.
b) Vacuum diodes used for investigations in the pressurgerfiom 101 mbar to 10°® mbar.

B relative measurement uncertainty below 0.1 %. Zero digtéretween the electrodes was
determined by measuring ohmic resistance between thei29R4,

Dc voltage was obtained from a source with a maximum voltdg@0kV and 3 kVA
power. Dc voltage ripple was less than 1 %, and its rate of@ik¥/s. A two-stage Max
type generator, constructed for the purposes of the expetirwas used as the impulse volt-
age source, adjusted at producing standard lightning sepubltage (1.2/5@s). Dc and
impulse voltage measurements were performed with combiglative uncertainty lower
than 3 Experimental procedure consisted in the following:

1.

10.

Forming the electrode system within the chamber/vacuimtiedidentical electrode
systmes were used in the chamber and in the diodes);

. Connecting the chamber/vacuum diode to the gas-vacuauntci

. Vacuuming the chamber/vacuum diode to 10-6 mbar in melseps and letting the

working gas into it, to a pressure of 1 bar;

. Setting the pressure of the residual gas in the chamleniva diode;
. In case of a vacuum diode, baking and sealing off the gkasitac;

. Conditioning the electrode system with 100 consecutrealkdowns with an impulse

voltage;

. Measuring 1000 values of the dc breakdown voltage at 1®dr mressure both in

the chamber and in the vacuum diode, with other test parasn@ger-electrode gap,
residual gas type, electrode material) equal for the chasuit the diode;

. Measuring 1000 values of the dc breakdown voltage, witasmeements of the emis-

sion characteristics V-4 after each tenth breakdown;

. Repeating the previous measurement with reversed fyotdrihe dc voltage;

Measuring 1000 values of the impulse breakdown voltagib,measurements of the
emission characteristics V-4 after each tenth breakdown;
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11. Repeating the previous measurement with reversedtyadéthe impulse voltage;

12. Setting the next working point (gas pressure and ireat®de gap), and repeating
the whole measurement procedure.

The procedure of processing the experimental results steksin:

1. Applying the Chauvenet’s criterion for discarding spus measurement results from
the statistical samples of random variables dc breakdowaga impulse breakdown
voltage, and the emission characteristics [26,27];

2. Assessing by graphical and analytical methods if thecfet®00 dc breakdown volt-
age values obtained at the pressure oflfhbar for the electrode system in the
chamber and the diode, with other test parameters equahd&b a unique random
variable. In case they don't, vacuum diodes produced fdrsthides of measurements
are discarded (and new ones are fabricated);

3. Dividing the 1000 values of random variables dc and inpldeakdown voltage
into 20 statistical samples with 50 values each; dividing 100 values of the ran-
dom variable emission characteristics into 20 statisgeahples with 5 values each;
applying the U-test to examine whether the variables (alageparts of variables,
in case the U-test suggested an additive mixed distributietonged to a common
statistical distribution;

4. Applying the chi-squared, Kolmogorov and the graphieat for examining the ad-
herence of random variables, corresponding to the statistamples, to the normal,
Weibull, and double-exponential distribution [28];

5. Determining the parameters of statistical distribwiarentified for the random vari-
ables corresponding to the statistical samples, by usiagribmentum method and
the maximum likelihood method [27,28];

6. Graphically representing the dependence of the parasr@iéained for the statistical
samples on the parameters of the experiment (pressureglatdrode gap, residual
gas type, and electrode material).

3 Results and discussion

Fig. 2 shows the dependencies of dc and impulse breakdowageanean values on thpel
product (the so called Paschen curves), along with the sjooreding standard deviations,
with the gas type as a variable parameter. Fig. 3 presentsdidagulse breakdown voltage
mean values versus the product for various electrode materials. It is obvious frieigs.

2 and 3 that the range @i product values considered in the experiment can be diviated i
three subregions, as far as the mechanism of breakdownésgwd. In subregion 1 thed
product can be described as a "good” variable, which meaghb similarity law holds in
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this region, i.e. that breakdown occurs through some of &sengechanisms [29,30,31,32].
This is confirmed by the fact that the corresponding valudsedikdown voltage for various
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Fig. 2. a) Dependence of dc breakdown voltage mean valueeopdiproduct (pressure inter-electrode gap),
with the gas type as a parameter{Ar,e —N», x — SFg), at the inter-electrode gap of 1 mm. b) Dependence
of impulse breakdown voltage mean value on plaproduct (pressure inter-electrode gap), with the gas type
as a parametep{— Ar,e — N2, x — SFg), at the inter-electrode gap of 1 mm.

gases differ in the way that would be expected accordingdiv thielectric strengths. It can
also be noted that in subregion 1 there is an influence ofretdeimaterial, depending on its
work function, so that the material with the lowest work ftioo also has lowest values of
dc and impulse breakdown voltages, and vice versa, whicim agggests that in this sub-
region breakdown takes place via a gas mechanism, mostigyobawnsend type [33,34].
This is further substantiated by the fact that the impulsakdown voltage behaves as a
random variable in subregion 1, with values an order of ntagdei larger than the corre-
sponding values of dc breakdown voltage, which can be regaaddeterministic quantity.
Such a difference between dc and impulse breakdown voliadggpical of the gas break-
down mechanism, and stems from the fact that the rise time ebtlage is much longer
than the time characteristic of the elementary gas disehargcesses, so that the value of
breakdown voltage doesn’t depend on the stochasticityeaf #lectron emergence and its
transformation into an initiatory electron, as is the ca#id impulse voltages [35,36]. Itis
also evident that the change of voltage polarity doesnécafthe breakdown voltage value,
as well as that the electrode system doesn’t have to be camelit again when the polarity
is reversed. Stochasticity observed for some values ofelkilown voltage arises because
subregion 1 includes the Paschen minimum, to the left of ke so called anomalous
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Fig. 3. a) Dependence of dc breakdown voltage mean valuesopdiproduct, with the electrode material as
a parameterd( - elektron,e - aluminium, x - tungsten), at the inter-electrode gap of 1 mm. b) Deperelenc
of impulse breakdown voltage mean value on the pd produth te electrode material as a parameter (
elektron,e - aluminium, x - tungsten), at the inter-electrode gap of 1 mm.

Paschen effect occurs (the phenomenon of the spark takonggar and energetically more
favorable path of discharge) [37,38].

Subregion 2 is a kind of a transitional region. Taéproduct is no longer a "good” vari-
able, but breakdown voltage still depends on the load veltgge, the type of the residual
gas, and the material of the electrodes. Values of the bosakdoltage and the associated
standard deviations are markedly larger than the correspgrvalues in subregion 1, i.e.
much closer to the values expected in case of a vacuum mecharfibreakdown. How-
ever, the rate of breakdown voltage rise as a function ofritex-electrode gap (Fig. 4) is
slower than would be expected for a vacuum mechanism. Iregidor 2 the emission char-
acteristics V-4 doesn't satisfy the 1/2 ratio with respecthe breakdown voltage, that is
empirically established for vacuum emission mechanisrablér1). It has also been found
that breakdowns in subregion 2 decondition the the eleetsydtem completely. This ef-
fect is more expressed at higher pressures (lower vacuwhig, at lower pressures (better
vacuums) the cathode is predominantly deconditioned.

In subregion 3 theod product is no longer a "good” variable, and values of the krea
down voltage don’t depend on load waveform, gas type, otrelée material. Furthermore,
values of the breakdown voltage and the associated stadgarations are substantially
larger than the corresponding values in subregions 1 anddiheerefore comply with the
values expected for a vacuum breakdown mechanism. Thefrateakdown voltage rise
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Fig. 4. Rate of breakdown voltage rise as a function of therietectrode gap (impulse)(and dc ¢) breakdown
voltage mean values).

Table 1. Values of the dc breakdown voltageand the emission characteristiés, at the inter-electrode gap
of 1 mm for different values of residual gas pressure.

p[mbar] [ 106 [105]10%[103[102[ 10 ¢
Ve[KV] | 456 | 454 | 45.7| 389 9.8 | 2.1
V_4[KV] | 235 | 234 | 241| 181 45 | 0.8

as a function of the inter-electrode gap agrees with thertbpee expected for the cath-
ode mechanism (Fig. 4). In subregion 3 the emission charstits V-4 is again nearly

equal to one-half of the corresponding breakdown voltagdlél'l). Moreover, complete
deconditioning of cathode alone has been establishedsstitiregion.

Fig. 5 shows the dependences of dc and impulse breakdowageothean values on
the pressure of the residual gas {gFalong with the corresponding standard deviations,
at constant inter-electrode gap. Fig. 6 shows the deperdgfitbe dc breakdown voltage
mean value on pressure, along with the corresponding sthalgiations, with the type
of residual gas as a parameter, while Fig. 7 presents that dapendence with the elec-
trode material as a parameter. Results in these two figuresmrate that in subregion
2 breakdown occurs through one of the vacuum mechanism$yangh a combination
of these mechanisms, as well as that at higher pressuresr(l@guums) dependences of
the breakdown voltage on experimental parameters resdintde for gas mechanisms of
breakdown, while at lower pressures (higher vacuums) ofegjtn 3 this regularity van-
ishes and breakdown voltage becomes independent of expadhparameters.  These
results suggest that in subregion 2 breakdown may occuughr@a combination of the
avalanche vacuum mechanism and the cathode vacuum meuhaAislanche vacuum
mechanism dominates at higher pressures, and cathode misoleat lower pressures. The
aforementioned similarities in the dependencies of thakatfewn voltage on experimental
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parameters at higher pressures to those for gas breakdoeate that at these pressures
breakdown predominantly occurs by way of the avalanche waconechanism, while the
deconditioning of the electrode system at the reversal @ripp signifies an additional
presence of the cathode vacuum mechanism. Deconditiofitng electrode system at the
reversal of voltage polarity suggests that only the catli®denditioned during breakdown,
since breakdowns eliminate the emission centers (midtespirom it, while the anode re-
mains practically intact [39]. This conclusion is corroaiad by the form of dependence of
the breakdown voltage on the inter-electrode gap showngn&i

Fig. 8 presents the values of tlyé test variable (in relative units with relation to the
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Fig. 8. Dependence of the? test variable (in relative units with relation to the maximallowed value of the
test variable, with a 5% level of significance) for randomalles dc (- - -) and impulse (—) breakdown voltage
on pressure, at the inter-electrode gap of 1 mm; (DE) doutgereential distribution, (N) Normal distribution,
(W) Weibul distribution.

maximum allowed value of the test variable, with a 5% levesighificance) for random
variables dc and impulse breakdown voltage in subregionsd23a Data in this figure
demonstrate that these random variables belong to the Widibtribution at 10-4 mbar,
adhere loosely to the Weibull distribution at fombar, cease to belong to any distribution
at 102 mbar, and belong to the Weibull distribution again ati1énbar.

According to corresponding histograms, experimentalltesbtained for impulse break-
down voltage values at pressures 40nbar, 102 mbar, and 10' mbar, for the inter-
electrode gap of 0.1 mm, are presented on the Weibull prbtygbiotting paper and shown
in Fig. 9. Applied U-test (for statistical samples of impilsreakdown voltage values di-
vided into 20 subsamples with 50 values each) with a 5% |ehafaificance gave positive
outcome at pressure values of f0mbar and 10* mbar, while for 102 mbar pressure
the outcome of U-test was negative. Fig. 9 shows that for hibdr pressure the impulse
breakdown voltage random variable belongs to a unique Weipe distribution, which
is also the case at 1& mbar, while at 102 mbar it belongs to an additive mixed distribu-
tion consisting of two Weibull-type distributions with gles corresponding to the slopes of
the mixed distribution at this pressure. Similar resuliseafrom statistical analysis of the
random variable emission characteristtsg are shown in Fig. 10.

Estimated parameters of the Weibull distribution, to whilcl dc breakdown voltage
random variable belongs, are presented in Table 2 for difteralues of the inter-electrode
gap, at pressures 1O mbar and 10! mbar. Parameter values in Table 2 don't differ from
the corresponding values for the impulse breakdown voltagdom variable.

Data in Table 2 show that the location paramefgiand the scale parametgrof the
Weibull distribution depend approximately linearly on thter-electrode gap at 18 mbar,
while at 101 mbar such a dependence is not observed. The same data ajsstsutat if
the macroscopic critical field was adopted as the randorabasiinstead of the breakdown
voltage, it could have been described by a unique Weibuttibigion for all series of
measurements at 1&mbar, with the location, scale and shape paramekgysie and o,
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Table 2. Estimated values of the Weibull distribution paggens for the dc breakdown voltage atfmbar
and 101 mbar pressure.

pressure 10~% mbar 10~1 mbar

d[mm] | Xo[kV] | n[kV] | & | Xo[kV] | n[kv] | &
0.1 4688 | 4.288 | 5.42| 2.01 2.7 3.44
0.2 8.608 | 7.824 | 5.38| 2.03 392 | 3.35
0.3 13.488 | 11.968| 5.18| 2.03 7.11 | 341
0.4 17.568 | 15.968| 5.25| 2.05 9.72 | 3.37
0.5 22,432 | 20.512| 5.45| 2.06 12.01 | 3.34
0.6 26.304 | 24.4 |532| 2.05 12.2 | 3.38
0.7 30.8 28.448| 5.16| 2.08 15.8 | 3.45
0.8 34.608 | 31.968| 5.52| 2.09 18.7 | 3.25
0.9 38.912 | 36.064| 5.41| 2.09 19.8 | 3.28
1.0 44 40.672| 5.60| 2.10 22.37 | 3.42

respectively) expressed as

X0 _ _n
E? 5E_67 ’7E—d

According to the weak spot theory this indicates that therosopic electric field is a
quantity that characterizes weak insulation spots [40]1@&t mbar, 102 mbar and 10*
mbar pressures a dependence such as this has not been dbserve

Eo =

4 Conclusion

On the basis of the obtained results it can be concluded nhidtei investigated range of
pressures and inter-electrode gaps breakdown occurs byfathg gas mechanism (sub-
region 1) and the vacuum mechanism (subregions 2 and 3). biegion 1 breakdown
takes place through the Townsend mechanism, which is evidam the dependence of
breakdown voltage in this subregion on the electrode natenrk function. The anoma-
lous Paschen effect, another phenomenon that charastéheerownsend mechanism of
gas breakdown, also appears in subregion 1. Conditions are complex in subregion
2, where a combination of two vacuum breakdown mechanisrogrec At higher pres-
sures (lower vacuums) breakdown occurs through the vacwatarehe mechanism. This
assertion is confirmed by the fact that for these pressueepdiproduct (pressure inter-
electrode gap) is no longer a "good” variable, which meaasetectric discharge no longer
takes place via a gas mechanism, since the similarity law,the Paschen law, no longer
holds, and breakdown voltage becomes dependent on theeletgrode gap alone, which
is typical of vacuum mechanisms of breakdown. However, tieenved effects of the load
voltage type, insulating gas type, and electrode matenidhe breakdown voltage random
variable indicate that, for the & mbar pressure, the gas adsorbed at the electrodes has a
decisive role in breakdown initiation. These conclusiores@rroborated by the statistical
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analysis of the breakdown voltage random variable in thesgure range. The analysis
shows that, for the 1@ mbar pressure, breakdown occurs through a unique vacuutm-mec
anism that is not cathode-type, since both electrodes argitmmed during breakdowns,
while anode-type breakdown mechanism and microparticlehar@sm are ruled out due to
the ratio of the rate of the applied impulse voltages andithe tonstant of the anode mech-
anism, and the preparation of electrode surfaces (po@istura high gleam), respectively.
For the 10 mbar pressure, breakdown undoubtedly occurs through theda mecha-
nism. This is confirmed by the following facts: statisticatdbution of the breakdown
voltage random variable is a unique Weibull distributioe, iall random variables belong
to a single distribution; there is no significant differermween the random variables dc
and impulse breakdown voltage; breakdown voltage randamahlas depend linearly on
the inter-electrode gap, with a slope that is expected fatlaotle breakdown mechanism;
breakdowns are initiated at just one type of weak spots, auhylthe cathode is decon-
ditioned by breakdowns. For pressures of 3@nbar and 102 mbar breakdown occurs
through a combination of the cathode and the avalanche misthawhich is evident from
the adherence of the breakdown voltage random variablegditivee mixed Weibull-type
statistical distributions. Transition from the avalanala&uum mechanism to the cathode
mechanism in subregion 2 is most probably a consequence efraake of the adsorbed
gas layer caused by the decrease in pressure.
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