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ABSTRACT 

The paper is devoted to study of the mechanisms responsible for vacuum breakdown as 
a whole and the total voltage effect in particular. Experiments at dc and pulsed voltages 
were carried out. It has been shown that there is no manifestation of the total voltage 
effect at dc voltages up to 20 kV. The strong dependence of hold-off on anode 
temperature was recognized at dc voltages while pulsed hold-off turned out to be 
almost the same with heating the electrodes. This gives a basis to consider gas 
desorption as an insufficient factor in the initiation of pulsed breakdown. An attempt to 
enhance hold-off with electrostatic removing of loosely bound particles with assistance 
of electron flow from a thermionic cathode was undertaken in the work. The approach 
turned out to be ineffective.    

Index Terms – Vacuum breakdown, vacuum insulation, vacuum measurement. 

 
 

1   INTRODUCTION 

 HOLD-OFF in vacuum is mainly controlled by electrode 
surface conditions. This stimulates development of various 
approaches and techniques of surface improvement. Among 
numerous methods, the electron beam surface treatment (EBEST) 
fills a position of a long-term method [1]. The method appeared 
as a development of finding that hold-off rises with 
breakdown conditioning. Breakdown conditioning requires too 
long time; and the result is not perfect since melt appears at a 
local place whilst evaporated contaminants spread around. 
Essentially better result is achieved with EBEST allowing one 
to heat whole the surface simultaneously above the melting 
point. This leads to purification of a surface layer up to 20 
microns in thick. EBEST treated electrodes ensure hold-off E-
fields as high as 100 MV/m at gap area of about 0.01 m2. 
Notable fact is that hold-off of gaps with EBEST electrodes 
falls after a series of breakdowns [1], instead of step-by-step 
increase that is typically observed for breakdown conditioning 
process [2,3]. Hold-off deterioration in that case is a result of 
erosion of the purified layer with discharge current followed 

by open of non-cleaned bulk material. As a whole, EBEST is 
an effective and easy-to-use technique that could be 
considered as a candidate on an ultimate method of electrode 
treatment for high-voltage vacuum insulation. 

Attempts for further improvement of vacuum insulation met 
reluctance from some unascertained factor. Existence of such 
a factor is proved by manifestation of the total voltage effect 
(TVE) at voltage pulse duration within the 100-ns range [4]. It 
seems that hold-off is equal to a certain level, E0, and doesn’t 
depend on gap length, d, until d is shorter than some threshold 
length, dth. Hold-off starts to fall as d1/2 with further increase 
of gap length (Fig. 1). Noticeable fact is that cathode-located 
prebreakdown emission sites correlate with breakdown events 
in locations and E-field strength values in the condition of 
d < dth [5]. Correlations disappear at d ≥ dth. Enhancement of 
electrode surface cleanness increases E0 only, and this shifts 
dth to shorter gaps automatically, while Ebr ∝ d-1/2 dependence 
holds the same place. Contrary, contamination of either a 
cathode, or an anode, or both electrodes lowers breakdown 
fields at d < dth whilst Ebr ∝ d-1/2 dependence holds the same 
place again and dth becomes longer [4]. Those data prove that 
the breakdown mechanism based on electrode condition 
implies both electrodes to be responsible on hold-off level, 
and emission sites determine location of breakdown events. 
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Ebr = const dependence at d < dth is under question since 
Ebr ∝ d-1/2 dependence was observed at different ranges of gap 
lengths including micron gaps [6]. This concerns also the 
prebreakdown emission when the field enhancement factor, β, 
turned out to depend on the gap length [7]. Those experiments 
were devoted to dc breakdown at ultimately low pressure of 
residual atmosphere and rather low voltages. Prebreakdown 
currents were measured in a gap with electrodes being 
ploughed carefully with numerous arc discharges. Such a 
situation differs in conditions from experiments where 
nanosecond pulse voltage conditioning manifests TVE [4,5]. 
This stimulated our interest in checking whether TVE takes 
place for prebreakdown current also. 

 
Figure 1. Schematic presentation of dependence of the breakdown field, Ebr, 
on the gap length. 
 

  
Our interest concerns also attempts to affect EBEST 

electrodes with different techniques to sustain prebreakdown 
conductivity and enhance hold-off. First of all, breakdown 
tests were carried out for red-hot electrodes. This was 
undertaken to explore the role of adsorbed gas in initiation of 
short-pulsed breakdown.  

We investigated also the possibility to clean test gap 
electrodes in situ of loosely bound contaminants which 
dimensions are in the nanometer range of lengths to meet 
conditions of the macroparticle induced breakdown [4,5]. The 
concept of nanoparticle-induced breakdown grows difficulties 
in theoretical description of short-pulse voltage breakdown in 
vacuum since there are no complete models describing impact 
by a nanoparticle. Mechanisms of particle detachment are also 
under speculations only. Besides, it disappoints users of 
vacuum insulation since there are no reliable approaches to 
clean surface of nanoparticles. The problem is aggravated in 
consequence of necessity to clean surface in situ since there is 
no way to do that outside a vacuum chamber because of ever-
presence of sub-micron particles in air. Electrostatic removing 
of dust particles in vacuum is known to be an effective method 
in respect of micron-sized particles [8].  Here we test to see if 
this principle can be extended to work for nanometer size 
particles also.  Our proposition was to clean electrode surfaces 

with using a special device, further referred to as a catcher, 
based on the idea to stimulate particles detachment from the 
surface and to keep them in a box for storage. The catcher was 
seemed also to be an effective tool to clean electrode surfaces 
of adsorbed gas in situ. 

The idea of the electrostatic catcher is based on the 
following speculations. A nanoparticle is adhered at the 
electrode surface. The surface is oxidized, so a nanoparticle is 
insulated by a thin ambient oxide layer that may be assumed to 
be of 5 to 10 nm thick. Such a situation is similar to that of the 
MIV/MIM (‘M’ means metal, ‘I’ insulator, and ‘V’ vacuum) 
emission mechanism [2] except here the polarity of the 
electrode surface under consideration is positive. The latter 
circumstance would allow an electron in a particle to be 
emitted into the electrode surface and to charge a particle 
positively. Floating potential of a nanoparticle is about 1 V at 
gap field of 108 V/m when the breakdown test protocol in 
reference experiments [4,5] is under run. Taking into account 
the spherical shape of a particle, electric field at a particle of 
1-nm radius could be 109 V/m which is lower than the 
7×109 V/m required for the quantum mechanical tunneling FE 
mechanism. However, such field could turn out to be high 
enough for the MIM emission mechanism [2] due to the lower 
potential barrier at the MI interface. This explains how a 
particle could be detached of the anode surface at electric field 
as high as 108 V/m. However, so strong field is impossible 
under operation of the catcher because occasional breakdowns 
are inadmissible at the treatment, and electric field is wanted 
to be many times lower. Therefore, the above mechanism to 
charge nanoparticles probably doesn’t operate and we needed 
to look for another mechanism. 

Another opportunity for a particle to get charged is an 
electron shower. Electron flow can charge a particle 
negatively. This could happen when a primary electron or a 
secondary one has lost energy down to a value below 
h2/(2ma2), where h is the Planck constant, m the electron 
mass, and a the lattice parameter, which is the minimal 
energy portion that could be transferred to an electron in 
solid. Let us suppose that a nanoparticle of 1-nm radius 
accepted an electron. Electric field at the surface of a 
spherical conducting particle is as follows: 
E=Q/(ε0S)=e/(4pε0r2), where r is the radius of a particle. E 
is about 109 V/m in conditions under consideration. This 
value is rather high; and emission according to the MIM 
mechanism prevents a nanoparticle from keeping the charge. 
These speculations give a basis to consider a nanoparticle 
adhered at the ambient oxidized surface to be most likely 
either neutral or charged positively. The latter could be a 
result of secondary electron emission. 

We provided a nanoparticle with metallic conductivity in 
the above speculations. However, metallic nanoparticles are 
known to lose metallic conductivity with reducing their sizes 
[9] as from threshold values depending on kind of metal. 
Nanoparticles responsible for breakdown initiation at 100-ns 
voltage pulses should be a few nm in size and they are most 
likely dielectrics. This forbids the MIV/MIM mechanism for 
charging a particle whilst the secondary emission mechanism 
gets advantage. 
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2  EXPERIMENTAL  
All the experiments were performed in conditions of high 

oil-free vacuum of about 5×10-5 Pa. Manipulations with 
electrodes and their installation into the chamber were 
performed in dust-free environment provided by the air-
filtering equipment based on HEPA H13 air filters. Plane 
electrodes with round edges were made of either stainless steel 
of several kinds or 45N nickel-iron alloy (45% nickel). The 
kinds of stainless steel were as follows: SUS 304 L, 
316L SCQ (vacuum melted), and 321 S. Some of electrodes 
made of SUS 304 L steel were preliminary annealed in 
hydrogen at temperature up to 1300 K. Electrodes were wiped 
with a lint-free cloth and acetone after preliminary treatment 
that was either mechanical polishing or EBEST.  

Experimentation involved several experimental runs 
attributed with different techniques. All the techniques could 
be grouped in dc low-voltage arrangement and pulse high-
voltage arrangement.  

2.1 DC LOW-VOLTAGE EXPERIMENT  
The dc low-voltage arrangement is based on the anode-

probe scanning technique described recently elsewhere [5] in 
details. The essence of the method is based on idea that a 
plane electrode is rotated whilst a needle anode at dc positive 
potential scans a plane electrode along it radius at a certain 
distance to produce prebreakdown emission current from local 
places recognized as emission sites. The device is further 
referred to as “detecting scanner”.  

The breakdown test set-up was powered with an additional 
device. The device is a scanner equipped with thermionic 
cathode assembled with a box to trap particles as a scanner 
head (Figure 2). The tungsten thermionic cathode produces dc 
emission current of 2 mA collected by the both test electrodes. 
Electron shower is intended to activate particles detachment. 
Detached particles are intended to be collected in the trap. The 
catcher head is moved back and forth in the gap under 
operation to clean electrodes. 

 
Figure 2. Schematic diagram of the electrostatic catcher in cross section. 

The catcher in the full-scale version presented in Figure 2 
affects many emission sites at the same time. This is suitable 
for treatment but inconvenient for study of separate sites. That 
is why some experiments were carried out with a smaller head 
imitating the full-scale catcher in a local place. Only an upper 

plane electrode was used in such experiments. Absence of a 
lower electrode allows us to reject a trap box since there is no 
possible back flow of particle in that case. The imitating head 
represents itself a thermionic cathode biased up to -15 kV and 
emitted 50 μA of electron current. The anode-probe scanner 
was used simultaneously to recognize emission sites. The 
scanners’ heads were kept at the same radius of an electrode 
under rotation when scanning. This allows us to recognize a 
site, to affect it, and to study a result of action. Electron flow 
from the thermionic cathode to the anode probe being under 
high dc voltage of positive polarity was detected in the course 
of initial experimentation. Such a flow could affect 
measurements since both the cathode plate and anode probe of 
the detecting scanner gap are exposed to electrons from the 
hot cathode.  A shield made from stainless steel foil was 
installed in the space between heads of both the scanners. That 
measure prevented current flow from the affecting scanner to 
the detecting one accurate to the bottom sensitivity edge of the 
dc current amplifier available for experimentation, which is of 
0.01 nA. Experimental arrangement for double-scanner 
experiments is shown in Figure 3.  

 
Figure 3. Experimental arrangement for double-scanner experiments. 

 

An interest in measurements of dc breakdown voltages 
using the scanner equipped with a hot anode appeared in the 
course of experimentation. The thermionic cathode was 
replaced by the incandescent anode made from 1-mm-
diameter molybdenum wire to do that. Two thin necks 
provided sufficient heating at rather low current whilst the 
thick medium makes a gap to be almost plane-parallel 
(Figure 4). The arrangement with an incandescent anode 
allows us to locate breakdowns only while prebreakdown 
current-voltage characteristics were impossible for 
measurements.  

 
Figure 4. Incandescent anode made from 1-mm-diameter molybdenum wire. 
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As a matter to get certainness in nature of emission sites, an 
experiment with an artificial site was carried out. A simulator 
of a MIV site made from a 0.4 mm diameter stainless steel 
wire and a glass pipe of much the same inner diameter was 
used (Figure 5). The emitters were carefully cleaned just 
before installation into the test chamber. The emitter was 
attached by welding it to the working surface of a plane 
cathode at a radius of 0.03 m. 

    
Figure 5. Artificial emission site simulating a MIV site, photo (on the left) 
and sketch (on the right, dimensions in millimeters). 

 

2.2 PULSED HIGH-VOLTAGE EXPERIMENT 
The high-voltage pulsed technique used in these 

experiments has been described in details recently [5], and no 
changes were made except of electrode holders and electrodes 
that were upgraded to allow heating about 1000 K. The design 
of an electrode assembly is shown in Figure 6. The hollow 
electrode 1 is put on the lower cap 2. The cap is equipped with 
a springy detent (not shown in the Figure) to deter the 
electrode. The heater 3 is placed inside the cavity beforehand. 
The heater is made from 0.5 mm diameter tungsten wire with 
the ceramic beads strung on it. The heater is laid in the cavity 
in a spiral pattern. The heater is connected to the cap and to 
the feedthrough 4 being insulated with the ceramics 5. The 
electrode assembly is connected to the anode holder through 
two stands 6.  

 
Figure 6. Design of the electrode assembly allowing red-hot heating. 

 
Limited working space of the chamber failed breakdown 

experiments in the arrangement where both the electrodes are 

red-hot. That is why measurements were carried out with 
either a red-hot anode or a red-hot cathode.  

The polarity of the Marx pulser is positive only. To meet 
high-voltage pulses and heating of an anode, the procedure as 
follows was realized: A two-pin movable feedthrough was 
connected to contacts at the anode holder for a time long 
enough to heat the anode up to high temperature. This was 
followed by rapid disconnection of the feedthrough and 
removing it as far away from the anode as possible to prevent 
breakdowns from feedthrough contacts. After feedthrough 
removal, a high-voltage pulse was applied to the gap. Finally, 
the feedthrough was approached to the anode contacts again, 
and the cycle was repeated according to the breakdown 
protocol. 

Temperatures of red-hot electrodes were measured with 
using a thermocouple, accurate to 5 degrees. The final cathode 
temperature was of 1015 K. The anode temperature was of 
985 K after twenty seconds of contacts detachment, which 
corresponds to the instant of triggering the Marx pulser. The 
temperature of an opposite (non-heated) electrode depends on 
the gap length and was measured to be below 700 K at any 
gap.  

An attempt to experiment with electrodes made of stainless 
steel was unsuccessful since electrode surface get covered 
with chromium oxide layer as heated in vacuum. That is why 
red-hot electrodes were made of nickel-iron alloy. 

3  RESULTS AND DISCUSSION 

3.1 INFLUENCE OF TOTAL VOLTAGE ON 
PREBREAKDOWN CURRENT  

The experiments have been carried out with the anode-
probe scanning technique [5]. Measurements have been done 
at gap lengths varied within 80 to 170 μm after recognition of 
emission sites. Twelve EBEST plane cathodes were involved 
in this experiment while only five of them were successful in 
measuring voltage-current characteristics of prebreakdown 
currents. The rest of electrodes were broken down under data 
acquisition at dc voltage. Breakdowns were a result of 
amplification of cathode beatings amplitude under rotation at 
higher voltages, caused by electrostatic attraction between the 
plane cathode and the holder of the needle anode. Current-
voltage characteristics in the original form are plotted in 
Figure 7. Deviation of current in plots is caused mainly by 
beating a cathode under rotation. The results of analysis of the 
characteristics using the formalism of the Fowler-Nordheim 
equation are listed in Table 1. 

As a whole, there is no noticeable dependence of 
prebreakdown current on total voltage at voltages of up to 
20 kV. This result disagrees with data presented elsewhere 
[7,10,11]. Probably, this is due to the fact that we deal with the 
same emission site when comparing prebreakdown currents at 
different gaps while the authors [7,10,11] measured 
characteristics of different sites. Besides, data acquisition 
under cathode rotation is essentially of pulsed mode in spite of 
dc voltage used there. That feature allows probably negligible 
influence of the anode at conditions under experimentations.  
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Figure 7. Current-voltage characteristics of emission sites on surface of 
EBEST cathode, taken at different gaps and voltages. 
 
Table 1. Results of treatment of current-voltage characteristics in Figure 7 
with using the formalism of the Fowler-Nordheim equation. 

Site # Steel Gap, μm β Seff, m-2 

170 39 1.8E-15 
85 42 6.7E-16 

170 34 1.3E-14 
1_1 

304 L 
(hydrogen 
annealed) 

85 46 2.2E-16 
160 36 2.5E-15 
80 32 3.8E-14 

160 33 1.1E-14 
5_1 316 L SCQ  

80 33 2.5E-14 
160 32 2.5E-14 6_1 
80 34 1.2E-14 

150 81 1.2E-18 6_2 
304 L  

80 58 4.1E-17 
160 61 1E-17 10_1 321 S 
80 42 8E-16 

160 50 6.4E-17 11_1 321 S 
80 41 2E-15 

 

3.2 INFLUENCE OF THE ELECTRON SHOWER ON 
PREBREAKDOWN EMISSION AND DC 

NARROW-GAP BREAKDOWN 
Electron shower exposure of any reasonable spread of time 

didn’t affect emission sites activity in the experimental 
arrangement shown in Figure 3. This concerns prebreakdown 
emission current during electron flow exposure and beyond it 
as well. The conclusion is made on the basis of measurements 
of prebreakdown current from about twenty emission sites to 
be sure that most sites meet that condition. All the sites were 
recognized to be indifferent to the treatment under discussion. 
The influence of electron shower on prebreakdown emission 
was detected in a case when electrons had opportunity to 

bombard the anode probe surface. The shield between the 
scanner heads was removed to do that. In this case the 
emission current of ~50 μA in the circuit of the rotated 
electrode was accompanied with the current of ~10μA 
irradiating the needle anode. This measure resulted in hard 
suppression of emission activity in the gap of the needle 
anode. Suppression concerns both the emission site current 
(Figure 9a) and the noise current (Figure 9b) being measured 
elsewhere along the cathode under rotation. Emission activity 
of the cathode under rotation restored spontaneously at the 
same level after thermionic cathode incandescence (or high 
negative dc voltage) shutdown. 

 

 (a)  

(b)  
Figure 8. Voltage (a) and electric field strength (b) vs. gap length, at which 
prebreakdown current is set to 20 nA. 
 

Let us think over the results mentioned above. There are 
two hypotheses at least to explain them. Prebreakdown 
currents are known to depend on sorption/desorption processes 
to a considerable extent [12]. Gap born ions bombard cathode 
and produce secondary emission. In turn, this produces a 
current peak. However, secondary-emission current is emitted 
from rather broad area, and current density is too low to 
initiate breakdown. With electron shower, the anode surface 
gets clean of adsorbed gases, and current peaks disappear. 
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(a)   

(b)   
Figure 9. Prebreakdown current (a) at the emission site and (b) elsewhere 
on the cathode surface. The rotation rate is of 8 Hz. Arrows show instants 
when the thermionic cathode of the affecting scanner gets hot at a final 
temperature. 
 

An alternative hypothesis to describe current reduction with 
electron shower is connected to the MIV/MIM emission 
mechanism where presence of dielectrics is the necessary 
condition for enhancement of emission activity. Electron 
shower could lead to great enhancing of conductivity inside 
dielectrics. This should lead to either disappearance or 
suppression of MIV/MIM sites until restoring of dielectrics as 
a result of charge relaxation. The relaxation could take place 
until a site moves beyond the shield to the detecting scanner. 
By removing the shield we exclude the conditions for such 
relaxation.  

Suppression of the noise can be explained in terms of MIM 
emission mechanism in respect to conducting and loosely 
bound particles. A stainless-steel surface is covered with an 
ambient oxide film of 5 to 10 nm in thickness. A loosely 
bound particle can get charged through the ambient oxide film 
up to the surface potential. A particle gets repulsed as a result. 
This process produces particles exchange between electrodes. 
In turn, particles exchange produces current peaks since 
particles are charged. Noise current peaks in waveforms, 
measured with using time loupe, are about 0.1 ms in length 
and about 2 nA in amplitude for most prominent peaks. Then, 
a charge in a peak corresponds to 106 elementary charges. We 
may suppose that such a charge produces a field E ~ 109 V/m 
at a particle to meet certainly the condition of the MIM 
emission mechanism. A particle radius, 
r = [N e / (4 π ε0 E)]1/2, would be about 1 μm to meet the 
above conditions. This is rather reasonable estimation for sizes 
of large macroparticles. Most particles are < 1 μm in sizes 
since most noise current peaks possess lower amplitude. 

Queer behavior of prebreakdown current in the gap being 
affected by electron shower was recognized in those 
experiments. Increase of the anode probe voltage up to 

breakdowns didn’t cause detectible prebreakdown current. 
However, leakage current gets started after breakdowns. 
Probably, primary emission sites and sites born as a result of 
breakdowns are different in nature of emission. 

The dc breakdown electric fields were measured also in that 
experimental run. Four sets of measurements were made in the 
arrangement allowing electrons to bombard both the anode 
probe and the cathode plate under rotation (the arrangement in 
Figure 3 after removing of the shield), which are listed in 
Table 2. Electron irradiation of the probe anode caused slight 
increase in dc breakdown electric fields. Similar 
measurements in the arrangement restricting electrons to 
bombard the electrode under rotation only (arrangement with 
the shield) didn’t reveal any influences of electron shower on 
dc hold-off. 

Table 2. The dc breakdown electric fields of reference and electron-
shower-affected gaps under scanning with two scanners. 
Protocol 

ID Description Number 
of tests 

dc Ebr, 
MV/m 

O_S 
Measurements of dc breakdown 
electric fields at emission sites on 
cathodes without electron shower 

12 55 
±3 

O_F 

Measurements of dc breakdown 
electric fields far from emission 
sites on cathodes without electron 
shower 

30 79 
±6 

S_S 

Measurements of dc breakdown 
electric fields at emission sites on 
cathodes with electron shower on 
both electrodes 

10 69 
±6 

S_F 

Measurements of dc breakdown 
electric fields far from emission 
sites on cathodes with electron 
shower on both electrodes  

30 104 
±7 

 

3.3 INFLUENCE OF ANODE HEATING ON  
DC NARROW-GAP BREAKDOWN 

The concept of gas desorption as a reason for dc hold-off 
enhancement was proved in experiments with yellow-hot 
anode. Results of measurements are listed in Table 3. Such 
deep positive influence of anode heating on dc hold-off can be 
explained by better desorption of gases in comparison with 
electron shower. The remarkable fact is that dc hold-off level 
doesn’t depend on anode temperature at measurements if the 
anode was heated beforehand. Being heated once, the anode 
ensured the increased dc hold-off level in further 
measurements. The anode relaxed to non-heated hold-off 
ability after exposure in air and restored high hold-off after 
repeated heating in situ. Besides, the orange-hot anode probe 
(about 1100 K) gave the same hold-off level. However, the 
heating below red-hot threshold doesn’t affect hold-off level. 
Those data meet the idea that gas desorption plays a key role 
in dc breakdown initiation. However, complete elimination of 
gases including oxides decomposition is required for 
improvement of vacuum insulation. 

The data in Table 3 were obtained under rotation of the 
plane cathode. Measurements under H_F protocol without 
rotation and with very slow electrodes rapprochement resulted 
in essentially higher hold-off of up to 400 MV/m. The 
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difference is that rotation doesn’t give sufficient time for the 
cathode surface to be conditioned by prebreakdown current. 

Table 3. The dc breakdown electric fields of gaps with yellow-hot anode. 
Protocol 

ID Description Number 
of tests 

dc Ebr, 
MV/m 

H_S Measurements of dc breakdown 
electric fields at emission sites 
on cathodes without electron 
shower and with hot anode 

11 106 
±9 

H_F Measurements of dc breakdown 
electric fields far from emission 
sites on cathodes without 
electron shower and with hot 
anode 

30 213 
±20 

 

3.4 PULSED BREAKDOWN OF BROAD GAPS WITH 
RED-HOT ELECTRODES 

Six runs of breakdown test protocols were carried out in this 
experiment. Each run consists of four to five measurements 
including breakdown conditioning. The half of runs was 
carried out for mechanically polished electrodes and the rest of 
the runs for EBEST electrodes. The results are presented in 
Table 4. Reference data are available in Fig. 10 of the 
preceding work [5]. As before [5], first breakdown electric 
fields, Ebr

1, and maximal breakdown electric fields, Ebr
max, 

which are achieved as a result of high-voltage pulse 
conditioning according to the breakdown test protocol, were 
recorded to produce statistics. Taking into account that the 
final step in electrodes rapprochement is of 100 μm for gaps 
above 0.3 mm and of 50 μm for gaps below 0.3 mm, maximal 
hold-off electric fields are of 3 to 5% lower than Ebr

max. 
At pulsed voltages unlike dc voltages electrode heating 

affects vacuum insulation rather slightly. This points to the 
fact that gas removal from electrodes doesn’t improve 
significantly hold-off at short-pulse voltages. 

The profound fall of hold-off in the case of mechanically 
polished and red-hot cathodes (HC_P protocol) was 
recognized. It is probably caused by enrichment of the surface 
with impurities diffusing from bulk to the surface due to high 
temperature. A temperature of 1000 K is insufficient to cause 
thermionic emission fit for breakdown initiation. Similar 
results were reported elsewhere [13] in experiments with 
anode-probe scans. Our results correlate also with early 
experiments [14] on breakdown at high AC voltages, where 
hold-off fell at cathode temperature of about 800 K. In those 
experiments [14], hold-off deterioration was less profound at a 
red-hot anode. We recognized the similar slight decrease in 
hold-off at the CH_P protocol. 

Experiments with EBEST and red-hot electrodes 
demonstrated advantages of electron-beam treatment in 
improvement of vacuum insulation. Breakdown electric fields 
were almost the same level with heating EBEST anodes 
(CH_E protocol). The anode temperature was probably not 
high enough to produce the factor 1.3 positive effect observed 
elsewhere [15] for anode temperatures above 1300 K at dc 
voltage of 70 kV. However, in our dc experiments at voltages 
of up to 20 kV anode temperatures of 800 and 1500 K 
produced the same positive effect. 

A detectable rise in hold-off was noted with heating EBEST 
cathodes (HC_E protocol).  This result is rather unexpected in 
the standpoint of conclusions made earlier [5] after 
experiments on separate contamination of electrodes, about 
the priority of anode cleanness in breakdown initiation. It 
points to the fact that EBEST removes impurities from surface 
layers essentially deeper than the layer of solidified melt, 
which correlates well with results of experiments on 
breakdown of short gaps with EBEST electrodes [1]. The 
thick layer cleaned of impurities forms a reliable barrier for 
diffusion of impurities from bulk material. Besides, electrodes 
are heated essentially under EBEST since they made from thin 
foil. This works as vacuum annealing, and bulk material 
becomes cleaner. 

 

Table 4. Results of breakdown tests on gaps with electrodes at different 
temperatures. 
Protocol 

ID Description Number 
of tests 

Ebr
1, 

MV/m 
Ebr

max, 
MV/m 

CC_P Mechanically polished 
and acetone wiped 
electrodes. Both 
electrodes are cold. 

5 68 ± 
10 

77 ± 
10 

CH_P Mechanically polished 
and acetone wiped 
electrodes. Cathode is 
cold whilst anode is hot. 

4 68 ± 
7 

69 ± 
6 

HC_P Mechanically polished 
and acetone wiped 
electrodes. Cathode is hot 
whilst anode is cold. 

4 Ebr < 40*   

CC_E EBEST and acetone 
wiped electrodes. Both 
electrodes are cold. 

5 92 ± 
9 

97 ± 
7 

CH_E EBEST and acetone 
wiped electrodes. Cathode 
is cold whilst anode is 
hot. 

4 96 ± 
1 

96 ± 
1 

HC_E EBEST and acetone 
wiped electrodes. Cathode 
is hot whilst anode is 
cold.  

4 90  
± 6 

109 
± 7 

*) Low test E-fields are limited by available space for gap 
separation.  

 
Breakdown tests of gaps with red-hot cathodes 

demonstrated a pleasing peculiarity of breakdown current. 
Many arc shots at E-field amplitude above 100 MV/m were 
accompanied with observable delays in turn-on as shown in 
Figure 10a and corresponding breakdown test protocol in 
Figure 10b. Delayed turn-on and high E-field breakdowns 
with a red-hot cathode were observed in consequent 
breakdowns at E > 100 MV/m instead of abrupt fall of hold-
off after few breakdown shots in test protocols with cold 
cathodes, down to the level at which breakdowns occur in 
front edges of voltage pulses. The data give a ground to 
consider microprotrusion formation as a reason for hold-off 
fall after high-current breakdowns. High cathode temperature 
leads probably to longer time of melt existence, and liquid 
protrusions have a time to collapse.  Since the hot EBEST 
cathode gives good results they are probably not acting as a 
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thermionic source of electrons to trigger breakdown with 
polished cathodes either.  Also EBEST probably removes 
impurities that could diffuse to the surface with mechanically 
polished red-hot cathodes and give lower breakdown fields. 

(a)  

(b)  
Figure 10. (a) example of breakdown shot (shot # HC_E_2_47) in gap of 
2.1 mm length and with hot cathode and cold anode: waveforms of E-field, 
E(t), gap current, IG(t), displacement current, IC(t), calculated with 
differentiation of V(t), and discharge current, ID(t); (b) breakdown test 
protocol HC_E_2. 

 

3.5 PULSED BREAKDOWN OF BROAD GAPS 
TREATED WITH THE ELECTROSTATIC  

CATCHER 
The result of this experiment turned out to be negligible. 

Treatment of gaps by the electrostatic catcher doesn’t affect hold-
off level regardless of conditions of electrode surfaces, in spite of 
the fact that the catcher idea seemed to be a very promising one.   

There are three opportunities to interpret the failure. Firstly,  
20 keV electron shower of current density about 0.3 A/m2 
realized in the experiment could be an insufficient affecter to 
stimulate nanoparticles detachment, and higher electron energies 
and current densities are required. More complicated experiments 
are necessary to check this idea; however, a positive result is a 
matter of question. Another opportunity to explain the failure is 
the back flow of nanoparticles towards the electrodes under 

treatment. Finally, nanoparticles could be not involved in 
breakdown initiation. Nanoparticle initiated breakdown is a 
reasonable hypothesis rather than a strictly fixed fact. 

7 CONCLUSION  
The ultimate fundamental goal of the current work, in series 

with previous research by the authors [4,5], was the 
investigation into the nature of TVE at short-pulsed voltages. 
As before, new results on the matter were obtained. In the first 
place this concerns the proof of the fact that prebreakdown 
emission current at respectively low dc voltages (up to 20 kV) 
doesn’t meet TVE manifestation. This satisfies the idea that 
was int–roduced in beginning of the paper and shown in 
Fig. 1. Conditions under measuring corresponded 
unambiguously to gap range where d < dth.  

It was demonstrated also with red-hot electrodes that gas 
desorption doesn’t play a significant role in breakdown 
initiation at pulse length of about 100 ns. That is why this 
factor can’t be considered as a cause of TVE manifestation at 
short-pulsed voltages. 

Rejecting possible exotic factors, any experiment on hold-
off measurements involves two gaps that are the electrode-to-
electrode gap, further referred to as the “test gap”, and the 
electrodes-to-wall gap, further referred to as the “wall gap”. 
All our efforts up to present were targeted on investigation and 
modification of the test gap while the wall gap is ignored 
absolutely. However, the wall gap is an unlimited source of 
contaminants. Inner surfaces of a vacuum chamber are rather 
rough and covered with loosely bound particles. Certainly, 
there is no confidence that wall-born particles have no way to 
get the test gap during pulsed-voltage conditioning before a 
first-breakdown shot. Herewith, there is no importance of the 
pulse length. A particle could be detached by a voltage pulse 
and get the test gap beyond the pulse end. Such an event 
would produce an emission site. Such a site could initiate a 
breakdown event with a next voltage pulse. There is no base to 
consider wall-born particles as a cause of TVE manifestation 
at short-pulsed voltages. However, those particles could be a 
cause of sluggishness in improvement of vacuum insulation. 
In particular the concept of wall-born particle could probably 
explain the failure of gap treatment with the electrostatic 
catcher in this work. 
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