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Abstract. Vacuum arcs can be initiated without external means of power
enhancement at the cathode surface (by using a high-voltage trigger, laser
triggering, and so on). Arc initiation by simply applying the relatively low voltage of
the arc power supply is possible if the cathode—anode-separating insulator is
coated with a conducting layer and the current at the layer—cathode interface is
concentrated at one or a few contact points. The local power density at these
contact points can exceed 10 W m~3 which is sufficient for plasma production
and thus arc initiation. This ‘triggerless’ principle has been tested successfully with
a large number of cathode materials. One extended test was performed with
titanium and more than 10°® pulsed vacuum arc initiations have been obtained.

1. Introduction 2. The concept of low-voltage or ‘triggerless’
vacuum arc initiation

A vacuum arc (or ‘cathodic arc’) is a low-voltage, high-

current discharge between metal electrodes in vacuum,

characterized by an interelectrode metal plasma which is

generated at cathode spots. The term ‘metal’ refers here . . -
relatively easy to achieve. The number of maintenance-

to all solid conductive materials, including alloys, carbon : . } -
d dooed iconduct V idel dfree triggering events, of order 30is sufficient for most
and doped semiconduclors. vacuum arcs are widely use applications. It has been empirically found that the

in_high-voltage, high-current switches as well as for thin ajiapility of surface flashover is improved if the surface
film deposition and ion implantation. Basic properties and ¢ ihe insulator is slightly conductive; this is naturally
applications of vacuum arcs have been covered in a recentlythe case after some arc operation since metal plasma and
published book [1]. macroparticles (droplets) are deposited onto the insulator
Special means are usually required to initiate a vacuum surface. The resistance of a virgin insulator can be too
arc, such as high-voltage breakdown, mechanical motion high for breakdown and it is known that contaminating
and trigger plasma injection. An overview is given in the insulator with a graphite pencil mark overcomes this
table 1. All triggering mechanisms have in common that problem. Erosion of material from and deposition onto
they produce an initial plasma at one of the electrodes. the insulator surface is a delicate balance. After prolonged
The arc is established when the initial plasma bridges Operation, typically some 2@ulses, the trigger tends to fail

between the cathode and the anode thus allowing a highdue to either excessive deposition of cathode material on the
current to flow at a relatively low voltage (often as insulator surface or destruction of the insulator by erosion.

low as 20 V). The arc is maintained when the supply I IS interesting (o conS|d<_ar more closely the effect of
T Lo graphite contamination. The interface between the cathode
circuit is capable of delivering a current greater than the

chooping’ current. a material-dependent critical minimum and the insulator becomes the location with the highest
pping ’ P resistance and therefore the highest electric field strength.

current which is associated with the minimum metal plasma For instance, if the applied voltage is 10 kV, the field
production. _ strength can reach the criticall0® V m~! (for the onset
For completeness, low-voltage or ‘triggerless’ vacuum of electron field emission) if there is a gap between the
arc initiation is already included in table 1; this paper deals jnsulator and the cathode which is smaller than 1 mm
with this simple but little known approach. In the next (assuming a field enhancement factor pf~ 10). The
section we describe its general principle, followed by the same field strength can be obtained with a much smaller
results of a number of experiments performed. voltage (say 500 V) when the gap is smaller (5+o).

The advantages and disadvantages of trigger schemes are
listed in table 1; the most frequently used approach is
high-voltage surface flashover, presumably because it is
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Table 1. An overview of vacuum arc triggering (note that the references are suggestions for further reading in the literature,
but completeness is by no means claimed).

Triggering
mechanisms Advantages Disadvantages References
High-voltage vacuum No contamination of metal Requires a high voltage; [2—-4]
breakdown plasma breakdown voltage changes
with electrode conditioning
Fuse wire explosion No contamination of metal Not usable for repetitive mode operation [5]
plasma
Contact separation Reliable, simple, repeatable Low repetition rate; [6]
contacts may weld
Mechanical triggering Reliable, relatively simple Low repetition rate; contacts may [7]
(depending on actuator weld and wear; limited number
mechanisms) of triggering events (less than 10%);
large jitter
High-voltage surface High repetition rates, reliable Needs high-voltage pulser; [8-14]
discharge typically up to 10° pulses, low fails when approaching 10°
jitter pulses; plasma contamination by
erosion of insulator
Plasma injection Moderate to high repetition Needs high voltage pulser; [11,15,16]
triggering rates, small jitter works only with sufficiently
strong triggering discharge
Gas injection triggering  No trigger supply Needs sufficiently high pressure [11]
in the discharge vicinity; metal
plasma contamination by gas
species; very large jitter
E x B gas discharge Reliable for more than 10° Requires special electrodes, [17]
triggering pulses, small jitter, gas load magnetic coil arrangement and
negligible for most applications  additional power supplies for
gas discharge and magnetic field
Laser plasma triggering  Reliable, trigger location Expensive; needs sustainable [18-21]
controllable, very small jitter optical access to cathode
(problems of window coating);
minimum power density 10* W m—2
Low-voltage or Reliable for 108 pulses, simple, Needs arc switch and moderate This work

‘triggerless’ vacuum
arc initiation

high repetition rate possible,
works without high voltage

‘booster’ voltage; may fail for
low-melting-point and easily

oxidizing cathode materials

This can be easily done using the arrangement shown inwhere/; is the initial current through thé&h contact point
figure 1. A conductive surface layer (such as graphite) is having the initial cross sectioA;. The initial cathode and
used on the surface of the insulator separating the cathodeanode resistance is given by

and the anode. This layer brings the anode’s potential very L

close to that of the cathode. No trigger electrode is present.

In the course of our experiments we discovered tﬁat this Ro = Reou + (Z(l/Ri)> &
conductive-layer principle works more reliably when the '

layer actually connects the anode and the cathode. There isvhere R, is the resistance of the coating (without a
no gap in this case and the resistance between the anode anchthode—trigger junction) and

the cathode can have low values (such as a few ohms). The
mechanism of plasma production is no longer based on field
emission across a small gap but on explosive destruction

of the layer—cathode interface caused by Joule heating (se§s the resistance of thith contact of the cathode—trigger

the estimate below). interface,p is the temperature-dependent specific resistivity

Note that figure 1 shows an example; other schemes uf the contact materiald, (/') is the cross section of thigh
have been tested in which the thyristor (SCR) was replacedcqntact and H is an infinitesimal section of the contact

by a high-current transistor switch. Also, the arc-feeding |ength, Joule heating of the infinitesimal contact section is
capacitor can be replaced by a pulse-forming network, or given by

the arc could be fed by a high-current supply such as an
arc welder.

As indicated in the inset of figure 1, the current flow
between the thin insulator coating and the cathode takes
place at only one or a few contact points. The current
density at theth contact point is correspondingly high,

Ji =1i/A; 1

R = / [p(T () A ()] I &)

dP, = I,dU; = 12dR; = 122 dl. (4)
1 1 Al

In the simplest case, only one contact point is present. Let
us assume that its shape is cylindrical with lengtand
cross sectiom; = wr?. Forl ~ 10 um andr; ~ 5 um we
obtainA; = 78 um? andR; = 6.9 mS2 for tungsten at room
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. . resistivity. For most metals, the increase in resistivity is

insulator with as great as one order of magnitude if the temperature rises
conducting surface by 1000 K [22] and is even greater at higher temperatures
when taking phase transitions into account (solid/liquid
and metal/dielectric). Thus, from equation (4), the power
anode density increases also by an order of magnitude or more,
reaching 18 W m~3, a value known to cause explosive

’ 4
A formation of plasma. We can conclude that it should be
cathode o possible to form a metal plasma with a relatively low
vacuum voltage (for instance, 500 V) based on the concentration

of power in a microscopic volume. Unlike other vacuum
arc discharge schemes, switching of a separate trigger pulse
is avoided but switching of the arc is required.

3. Tests of ‘triggerless’ vacuum arc initiation

Various experiments have been carried out to test the
low-voltage or ‘triggerless’ principle. For most of the
experiments, a high-current power supply was combined

O+ o- with a second supply which boosts the voltage to ensure
dc arc power reliable triggering. This is shown in figure 2 for a pulsed
supply system. In another system, a 200 V, 150 A DC power
supply was ‘upgraded’ by the addition of a 600 V ignition
Figure 1. One possible scheme for a ‘triggerless’ vacuum voltage. In yet another set of experiments, we use a
arc; the inset shows an enlarged view of the thyristor-switched, pulsed high-current a,{; = 5 kA),

cathode—insulator—vacuum triple junction; R; is the

charging resistance and L is the current-limiting inductance. similar to that described in [23].

It has been found in all experiments that arc initiation

is possible when the resistance between the cathode and the
temperature (for the temperature-dependent resistivities ofanode (with a conducting layer on the insulator) is in the
selected metals see [22]). Let us assume that the initialrange 1Q2 to 10 k2. This extremely wide range makes it
current is about 10 A (limited by the circuit @&t,,.;). The possible to tolerate large changes in the surface coating and
initial current density would bg; ~ 1.3 x 10 A m~2 and its resistance. Tests of the principle have been performed
the Joule heating power 0.7 W; this power is concentrated with the following cathode materials: Li, C, Mg, Al, Ti,
in a small volume of only 78@um?® and the volume power V, Cr, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Pd, Ag, Cd,
density is about % 10" W m~3. Joule heating increases Nd, Ba, Hf, Ta, W, Pt, Au, Pb, brass and stainless steel.
the temperature of the contact material and its specific Figures 1 and 2 show schematically our preferred insulator

insulator with
conducting surface

Rcl Ru \ anode
booster o+—AW\ AN
power
supply Ci/ 3SRy
600V 2
1A

RcZ

arc o+—A N >
power

supply C,T SRy,
200V o

5A + _J_

Figure 2. A simplified schematic diagram of the arc supply with a ‘booster’ voltage used for most tests of our ‘triggerless’
pulsed vacuum arcs; Ry is the bleed resistance for safety, R;; =2 Q and R, = 0.5 Q are current-limiting resistors,

C; =20 uF, G, =10 mF, D is a high-voltage, high-current diode preventing backfeeding of 600 V into the 200 V supply and
Tris a 200 A/1000 V transistor switch.
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geometry which has the advantage that a large portion ofand M Rickard for electronics support. This work was
the coated insulator is not in the line of sight of the cathode supported by the USA Department of Energy, Division
spots and that erosion of the insulator coating as well asof Advanced Energy Projects, under contract DE-ACO03-
deposition of cathode material is minimized. 76SF00098.

In most experiments, the conducting layer was
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backscattering (RBS) with 1.8 MeV*Hand 2.0 MeV He
have shown that the carbon contamination of thin films [1] Boxman R L, Marth P J and SandsD M (eds) 1995
deposited on test samples is as small as the RBS detection Handbook of Vacuum Arc Science and Technology
limit. However, carbon contamination may be a concern for (Park Ridge: Noyes) ) o
some applications; therefore, we use the cathode material [2] Anders A, Anders S, ittner B, Liick H, Botticher W and

. . . . ; Schibder G 1992EEE Trans. Plasma ScR0 46672
itself for the conductive layer in selected experiments with [3] Farral G A 1995 Handbook of Vacuum Arc Science and
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