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Introduction
At the moment, there are many different mechanisms of vacuum breakdown associated 
with the state of the electrodes surface (the presence on it of protrusions, particles, 
oxide and sorption films, etc.). Each of these mechanisms is confirmed experimentally 
under appropriate favorable conditions for its manifestation. However, despite 
considerable efforts to develop new technologies for cleaning the surface of electrodes, 
the electrical strength of vacuum insulation remains low compared to the electrical 
strength of many solid and liquid dielectrics. Recently, a new view has been formed on 
the problem of vacuum breakdown, which consists in the fact that before the breakdown 
of the VG there is a significant structural rearrangement of the surface layers of 
electrode materials associated with the generation of defects in the crystal structure. At 
present, a new technology is being developed for surface treatment of metals with the 
Low-Energy High-Current microsecond Electron Beam (LEHCEB), which combines the 
effect of cleaning and polishing the surface. Treatment of electrodes by LEHCEB in 
optimal conditions leads to a decrease in pre-breakdown currents of VG by 1–2 orders 
of magnitude and to increase the short-pulse electrical strength (SPES) of VG by 1.5–2 
times in comparison with VG consisting of electrolytically polished electrodes. Important 
in this treatment is the simultaneous coverage with a wide pulse beam of the entire 
working surface of the treated electrode with a diameter of several centimeters.



There are four main classical methods of electrode conditioning, which 
stabilize the insulating properties of vacuum gaps (VG): (1) with pre-
breakdown currents; (2) with glow discharge; (3) with current in the "semi-
vacuum"; (4) with  series of consecutive breakdowns. The effectiveness of 
such conditionings is determined largely by the initial state of the electrodes 
surface. The closer the electrodes surface condition to the perfectly clean 
and smooth, the less effective they are. 

So, attempts to supplement the LEHCEB treatment of electrodes made of mono-
element materials (copper, aluminum, titanium) by conditioning (2) - (4) lead to a 
decrease in the SPES of the VG due to the appearance of erosion traces and spattered 
particles of material. If the electrodes are made of stainless steel of technical grades, 
after treatment by LEHCEB, the value of VG SPES also, on average, increases, but 
retains a significant scatter. Therefore, sometimes VG allows the possibility of electrical 
strength improvement by additional breakdown conditioning. One of the main reasons 
for the instability of VG SPES is the presence in the matrix of large foreign inclusions 
with high melting and evaporation points.
The practical goal of this work is to study the possibility of increasing the VG SPES by 
supplementing the LEHCEB treatment with pre-breakdown current treatment, which 
does not create deep erosion marks on the surface of the electrodes. The method of the 
pre-breakdown state stabilization during a separate treatment of each electrode paired 
with an electrode made of a material with high resistivity was tested.
The scientific goal of the work is to study the causes of vacuum breakdown in electric 
fields with a strength of ~ 1 MV/cm, provided that there are no distinct chemical or 
geometric inhomogeneities on the surface of the electrodes.



Experimental Equipment

In Figure 1 shows a diagram of an 
experimental stand in the state of short-
pulsed VG testing when measuring SPES. 
Electrodes 1, 2 were placed in a vacuum 
chamber 3, with residual pressure of 2x10–6

Pa. Using a bellows 4 and micrometer 
screws 5 it was possible to change the 
distance between the electrodes with an 
accuracy of 10 μm. Test pulses were 
produced by the Marx generator 6 and 
through the insulator 7 and a series 
resistance of 250 Ω were applied to the 
electrode 1. The pulse duration was adjusted 
by the gap between the rod 8 and the central 
conductor in the transition chamber 9 filled 
with SF6 gas.

Fig.1. Apparatus for measuring VG SPES



The VG’s SPES was measured by probing the VG with quasi- rectangular 
pulses of amplitude Ua = 200 kV, a total duration of 100 ns, and a front 
duration of 20 ns. Voltage waveform of the voltage pulses was monitored 
using a capacitive divider 10 and an oscilloscope 11. 

The electric strength of the VG was determined by the interelectrode distance dbr at 
which the breakdown occurred, as Ebr = Ua / dbr. The fact of breakdown was established 
through the window of the chamber 12 by the appearance of a spark and by the 
appearance of a current pulse measured by a symmetrical shunt 13 and an oscilloscope 
11.
The study of the pre-breakdown VG’s characteristics and the treatment of the VG by the 
pre-breakdown current were carried out on an identical stand, in which an adjustable 
DC-voltage source was used instead of the Marx generator. Investigation of the pre-
breakdown conductivity of the VG was carried out under conditions of voltage U
increase and decrease in the range of  7.5 kV to 12 kV with the rate of 50 V / s for 
various gaps d = 50–500 μm. The treatment of electrodes with pre-breakdown currents 
consisted in holding the VG’s under current of the order of 10–6–10–4 A for 30–180 
minutes. To limit the current, a series-connected resistor of 100 MΩ was used.
In Figure 1 also shows a sketch of electrodes with "replaceable surface" that used in the 
experiments. They represented a cathode electrode body made of stainless steel, 
coated with a foil of various materials (stainless steel, copper and titanium). The foil was 
pressed against the surface of the electrode body with a special mandrel.



Preliminary studies had shown that the possibility of increasing the 
treatment current in the VG above the microampere level is limited by the 
high probability of a breakdown. Before the series-connected resistance 
limits the current, an electrostatic energy of the order of 10–2 J stored in the 
interelectrode capacitance is released through the breakdown channel. 

This energy is 6 orders of magnitude higher than the energy released in one explosion-
emission center (less than 10–8 J). Thus, each discharge in the VG, supported by the 
energy stored in its capacity of ~ 10 pF, can generate about a million explosion-emission 
centers. In order to avoid high-current breakdown when passing a critical current and to 
further increase the level of the treatment current to 10–100 μA, the idea of separate 
treatment of the electrodes paired with an electrode made of a material with high 
resistivity arose. It was assumed that upon reaching a critical field strength in such a 
heterogeneous VG (at which a high-current breakdown could occur in an ordinary 
homogeneous VG with two metal electrodes), the current spreading in the volume of the 
high-resistance electrode will automatically reduce the local potential difference between 
the entry and exit points of the forming discharge channel. This, in turn, will lead to a 
limitation of the local current density and suppression of the high-current discharge. The 
possibility of the formation of several similar parallel-acting conduction channels in the 
VG as the current strength increased was not excluded. A disk made of high-frequency 
ferrite with a thickness of 4 mm and a diameter of 59 mm and glued to a metal disk was 
chosen as a high-resistance electrode (see Fig. 1). 



Results
Pre-breakdown characteristics of homogeneous VG

There are no qualitative differences in the characteristics of homogeneous VG’s (metal-
metal) with electrodes made of copper, titanium, and technical stainless steel
12X18H10T (Russian standard; 12% Cr, 18% Ni, 10% Ti, the rest - Fe), which
underwent LEHCEB detected. At a certain threshold value Eth = 0.5–1 MV/cm (which, on
average, increased in the series of Cu→SS→Ti materials), a current of 10–8–10–7 A 
appeared in the VG. The current was unstable in time, at this was a tendency to
decrease current in time at a fixed voltage. With an increase in the electric field strength
in the VG, the current increased and its fluctuations decreased, but at a current level
above ~10–6 A, a different type of instability arose in the form of a monotonic increase in
current with time with some relaxation inertia. The characteristic rise time of the current
at each voltage rise was of the order of minutes. A consequence of this inertia was
hysteresis during the course of subsequent decrease in voltage. Further voltage cycling
within the fixed range at a rate of 50 V / s kept the characteristic almost unchanged. 
Change voltage above the upper limit of the cycle led to new ambiguity of the
characteristic. Thus, steady-state characteristic itself functionally depended on the value
of the maximum current that was achieved (at least once) in the VG. Breakdown
occurred suddenly, as a rule, at current range of 1–5 μA.



In the course of measuring the characteristics, at voltages above 10 kV, 
microdischarges occurred which are current spikes with an amplitude of 0.1–10 mA, 
accompanied by dim flashes in the VG. In Figure 2 shows an example of a low-current 
microdischarge pulse against the background of the level of a continuously flowing 
current. Microdischarges most often did not affect the current value, and only in rare 
cases led to both an increase and a decrease in the current. With increasing voltage at a 
rate of 50 V/s, the frequency of microdischarges, estimated, did not exceed 0.2 s – 1. In 
rare cases, short-term groups of microdischarges in the amount of the order of ten within 
a few seconds could occur. When fixing the voltage, microdischarges quickly stopped.

Fig.2. Oscillogram of a microdischarge
current pulse against a background of a 
constant emission current. Sweep scale 
200 ns / cell. Signal Scale 100 μA / cell.



In Figure 3, at various scales, an example of the dependence of the current 
on the voltage I (U) of the gap with stainless steel electrodes that have 
previously undergone successive electrochemical cleaning and LEHCEB 
treatment is shown. The number of microdischarges recorded during the 
transition from one point of the characteristic to another corresponds to the 
height of the vertical halftone columns, expressed in units of ordinates. 

The measurements were carried out with  
the interelectrode gap width of 110 μm. 
When the voltage was first raised to 12 kV, 
the current increased sharply. During the 
subsequent voltage reduction, the current 
followed the characteristic lying above the 
previous one. During the second increase in 
voltage, it was possible to verify that the 
characteristic became almost stable and 
reversible. During repeated voltage passes, 
microdischarges were absent. Further 
exposure of the VG for several minutes at a 
voltage of 12 kV and a current of about 4 μA
led to a sudden increase in current and a 
high-current discharge of the capacitance of 
the VG. Electrode breakdown traces are 
shown in Fig. 4. 

Fig.3. The current-voltage characteristic of the VG with stainless steel electrodes at an interelectrode
distance of d = 110 μm.   



The appearance of these traces indicates high-temperature processing, 
which led to the melting of the material. After several breakdowns of the VG 
accompanied by bright flashes, its characteristic, as can be seen from Figure 
3, changed significantly (point 11.5 kV - 10 μA).

a) b)

Fig.4. Traces of breakdown, in a 
homogeneous VG (a) - anode, 
(b) - cathode.

Pre-breakdown characteristics of heterogeneous VG

The characteristics of heterogeneous VG’s up to current values of ~10–6 A did not 
qualitatively differ from the characteristics of homogeneous VG’s if the cathode was a 
metal electrode and the anode was a high-resistance electrode. However, 
heterogeneous VG’s allowed a further increase in current by more than an order of 
magnitude without the occurrence of a high-current discharge and extensive destruction 
of the surface of the electrodes shown in Figure 4. 



For the level of 10–5 –10–4 A temporal current increase at a fixed voltage was 
not relaxation-like, but continuous, so to maintain the current it was 
necessary to reduce the voltage. The Figure 5 shows an example of an 
experimental current-voltage characteristic of a VG I(U) with a titanium 
cathode.

After cycling over the voltage of 
7.5→12→7.5→12 kV at d = 110 μm, the 
interelectrode distance was reduced to d = 
80 μm. At the next rise in voltage to 12 kV, 
the current reached 25 μA. After exposure 
to 12 kV for 30 minutes, the current 
increased to 40 μA and continued to rise. 
The same Figure shows the characteristic 
of a ferrite anode. It can be seen that at a 
current above 10 μA, a significant part of 
the voltage drop in the body of the anode. 

Fig.5. Experimental characteristics of heterogeneous VG (cathode - titanium) and characteristics of the anode 
body - ferrite disk (left curve).



In the Figure 6 shows the "pure" current-voltage characteristic I (dU) of the VG, which is 
obtained by correcting the measured characteristic by subtracting from it the voltage 
values on the disk corresponding to running value of current (true voltage drop in the VG 
dU is shown in Figure 5). As can be seen from the graph, at the level of 20 μA, the 
steepness of the characteristic becomes almost infinite and passes over the region of 
negative values.

Fig.6. The "pure" VG characteristic obtained from the 
experimentally measured one shown in Figure 5.



The exposure VG in the atmosphere during the day after such treatment 
does not restore the initial conductive properties of the VG, that is, the 
characteristic I (U) remains almost the same as it was before the air was let 
into the chamber. This cannot be said for the case when treatment is carried 
out at a current of less than 1 μA. In this case, the characteristic is partially 
or almost completely restored, even when the electrodes are exposed to 
atmospheric conditions for an hour.

The influence of current treatment on the value of VG SPES is ambiguous. The SPES of 
those homogeneous VG’s that were composed of copper or titanium electrodes that 
underwent separate treatment with a current of ~10-5 A for 0.5–3 hours did not 
statistically differ from the SPES of VG’s with electrodes that did not pass such 
treatment. In the case of steel electrodes made of technical stainless steel, after 
treatment in conditions of microdischarges (U = 12 kV), a positive effect was found. 
Based on testing of 7 experimental VG’s with 7 control VG’s, SPES values of 1.16 ±
0.24 MV/cm and 0.94 ± 0.13 MV/cm were obtained, which corresponds to an increase in 
SPES by an average of 20%.



Even in early works, it was noted that when the pre-breakdown current reaches ~ 10–6

A in plane VG’s, a sharp switching of the conductivity mode occurs: the current-voltage 
characteristics of the VG become ambiguous and irreversible , after which a breakdown 
can occur suddenly. Traditionally, these ambiguities were associated with the 
restructuring under the influence of the electric field of the adsorption layer which blocks 
the field emission. Under conditions of current at the level of 10–5 –10–4 A, an 
irreversible, continuous, and at the same time, controlled increase in the conductivity of 
the VG's was found, that is, in fact, the state of delayed breakdown in the VG was 
reached.

At present, the local plastic effects development mechanisms in the volume of the 
electrode surface layer, caused by mechanical action of the electric field, which could 
lead to the destruction of the electrode surface "from the inside" and cause the 
breakdown of VG, are theoretically discussed. These mechanisms suggest the presence 
of stress concentrators in the form of inner pores or inclusions. Early, we have shown 
that, under short-pulse voltage exposure to VG’s with pure and mirror-smooth single-
crystal copper cathodes, the most likely place for the formation of explosive centers is 
the dislocation outcrops.

Discussion



For this, a current of ~ 106 A must flow through a local region with a cross section of ~ 1 
μm. This is probably why current treatment had a certain positive effect on the SPES of 
VG’s with stainless steel electrodes, in which, as is known, there is a high content of 
refractory semiconductor inclusions MnS. In fact, experience shows that the LEHCEB 
treatment does not guarantee the complete removal of MnS inclusions, since the largest 
of them go deep into the material at distances exceeding the thickness of the pulse-
molten layer.
A probable cause of the microdischarges observed in this work is an incomplete spark 
discharge from the tops of the formed objects. However, at the moment, this assumption 
is poorly reasoned and requires further research.

When local emission currents with a density of 108 - 109 A / m2 flowing 
through the electrode surface, the efficiency of such sources can be 
enhanced by the electro-plastic effect, which activates the movement of 
dislocations, reducing the yield stress of metals. In semiconductor inclusions, 
the electroplastic effect assisted by Joule heating can be activated by much 
lower current densities of ~ 106 A / m2.



Conclusion

The peculiarities of the current-voltage characteristics of heterogeneous vacuum gaps 
in a state that can be characterized as a state of delayed breakdown associated with 
structural changes in a metal electrode are studied. The possibility of conditioning of 
electrodes paired with a high-resistance electrode by pre-breakdown current of 10–5 –
10–4 A, at which VG’s with stainless steel electrodes increase their SPES by 
approximately 20%, is shown.

Based on the study of traces of the cathode surface treatment by pre-breakdown 
currents, it has been suggested that local plastic flows in the surface layer of the 
cathode caused by the action of an electric field and dark current can cause material 
exfoliation, which subsequently plays a decisive role in the development of vacuum 
breakdown as high intensity field emitters activating explosive emission centers.

In the future, it is planned to carry out more detailed studies of the morphological and 
structural changes in the surface of the electrodes that occur under conditions of 
abnormally high but controlled electrostatic loads in a heterogeneous VG in order to 
verify this assumption.


