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CONDUCTION AND BREAKDOWN IN VACUUM

G.A. Farrall

INTRODUCTION

One of the areas of most active interest in connec-
tion with conduction in vacuum over the past year has
been the behavior of vacuum arcs at high currents.
The subject is of enormous practical interest to vacuum
interrupter development and involves a variety of phys-
ical processes, the interactions of which provide fertile
ground for novel experimental and theoretical inves-
tigations. The vital question concerns the Jeckyl and
Hyde character of the vacuum arc anode junction.
At low currents, the anode termination is diffuse and
passive with the anode terminal acting largely as a
charge collector over its entire exposed area. At high
currents, the anode end of the arc may contract causing
a high concentration of energy input to the electrode
surface. This transition results in severe melting and
violent ejection of anode metal. A variety of investi-
gations on this subject are discussed in the section on
the arc anode and include such subjects as the effects
of axial magnetic fields, the visual appearance of the
high current arc under different ignition conditions,
the current flow pattern between cathode and anode
at high current, and the ion flux distribution from the
cathode to the anode.

This review as a whole calls upon several major
sources in addition to the standard abstract services.
Among these are the proceedings of the following con-
ferences: Third International Conference on Plasma
Surface Interactions in Controlled Fusion Devices in
Abington-Oxfordshire, UK, 3-7 April; VIII Inter-
national Symposium on Discharges and Electrical
Insulation in Vacuum in Albuquerque, 5-7 September;
Ninth International Conference on Electric Contact
Phenomena in Chicago, 11-15 September; Fifth Inter-
national Conference on Gas Discharges in Liverpool,
UK, 11-14 September; Thirty-First Annual Gaseous
Electronics Conference in Buffalo, 17-20 October; and
The International Conference on Developments in Dis-
tribution Switchgear in London, UK, 20-22 November.
Further, a large number of papers on field emission
were available from a special issue of Surface Science"
honoring the sixty-fifth birthday of E.W. Muller,
who it is sad to note, passed away during the prepara-
tion of that issue.

The reader should be aware of certain other publi-
cations which represent extended works by individual
authors. The thesis by Daalder(?) deals with various
aspects of vacuum arcs and particularly with the energy
balance at the arc cathode. A thesis by Foosnaes®’
investigates the energy balance at the cathode, anode,
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and surrounding shield surfaces for vacuum arcs with
and without an imposed axial magnetic field.
Chatterton has provided a comprehensive survey of
vacuum breakdown phenomena as Chapter 2 in a re-
vised edition of the Meek and Craggs text.*) Reviews
of special interest are those by van Oostrom‘®) on
surface analysis techniques and by Guenther and
Bettis‘® on laser triggered high voltage switches.

In the discussions which follow, a variety of sub-
topics are discussed under one of two major categories:
vacuum breakdown or vacuum arcs. For our present
purposes, we use the term breakdown to represent the
early stages of arc ignition between fixed contacts.
This distinction is more of a convenience than a defi-
nition since a more or less steady state cold cathode
arc is sometimes regarded as a rapid succession of
breakdown events.

VACUUM BREAKDOWN

Field Emission

The first article in the special issue of Surface
Science on Field Emission and Related Topics is an
historical review by Drechsler”) of the early work of
E.W. Muller leading to the invention and development
of the field emission and field ion microscopes. The
article points out how the field emission microscope
served to resolve the early discrepancy between the
fields for which significant field emission current was
expected on the basis of the Fowler-Nordheim theory
and the fields for which emission currents were ob-
served experimentally. The article further discusses
Muller’s adaptation of the field emission microscope
and the field ion instruments to his pioneering studies
of sputtering, adsorption, field desorption, field evap-
oration, surface reactions, work function, and field
emission spectroscopy which collectively represent the
foundation of surface studies today. Drechsler has,
in relatively few words, drawn together the various
aspects of present day surfaces studies into a cohe-
sive whole.

One of the questions that arises in connection with
the measurement of prebreakdown field emission cur-
rent is the origin of random fluctuations in current
magnitude when a constant voltage is applied to a
vacuum gap. Such an effect is usually attributed to
surface work function changes arising from the migra-
tion of adsorbed gas atoms on the emitter tip. This
effect was recently studied by Yamamoto et al.‘® for



tungsten. The experiment consisted of monitoring the
total emission current from the tip as well as that part
of the current contributed from a (310) crystal face
immediately following the cleaning of the tip by flash
heating. The fractional current from the selected crystal
face was amplified and subjected to frequency analysis
at close intervals. Typically both the total current and
the fractional current rise to a maximum value and
then decay over a time period of several tens of minutes
to a more or less stable current, lower than that ob-
served immediately after flashing. The spectrum of
the current fluctuations for the (310) crystal face,
recorded in the range 0 to 500 Hz, shows two principal
variations. The first is a spectrum amplitude which
increases following emission peak, approaching a
maximum at a point where the total emission current
has its maximum rate of change and declines thereafter.
The second effect occurs over a longer period of time
and is seen as a slope of the power spectrum density
as a function of frequency which becomes more nega-
tive with time. That is, the higher frequency compo-
nents of the spectrum are strongly reduced. The
authors interpret these results in the following way.
After flashing, the initially clean emitter adsorbs back-
ground gases (mainly hydrogen) from the vacuum en-
closure. The observed noise represents the statistical
fluctuation in surface coverage as the transition is
made from a clean surface to one which is covered by
a monolayer. The maximum noise, observed during
the maximum rate of change of emission current, cor-
responds to the maximum transition rate of moving
atoms. Once a monolayer is formed, the emission be-
comes relatively stable. The initial monolayer is
thought to be hydrogen. Over the longer term, substi-
tution of the hydrogen by CO occurs. This conclu-
sion is based upon field emission patterns obtained
during this experiment as well as the results of prior
experiments in which CO has been intentionally added
to the system.

Current fluctuations on tungsten field emitters have
been studied as a function of temperature by
Swanson®) over a frequency range up to 10 kHz. In
obtaining data for certain of the adsorbate covered
crystal faces, he found that clean surfaces themselves
produced current fluctuations at threshold tempera-
tures which depended upon the crystal face under study.
For the planes (310), (112), and (100), these threshold
temperatures were 300 K, 650 K and 1000 K, respec-
tively. These fluctuations clouded the interpretation
of noise of adsorbate origin. Swanson concluded that
““the current fluctuations from the various planes
on a clean tungsten field emitter generally support a
mechanism involving the generation of mobile atoms
on net plane terraces. At the conclusion of his paper,
he warns that in such studies care in the choice of
adsorbate and crystal plane must be exercised such
that the threshold temperature for clean surface fluc-
tuation is not exceeded.

In experiments designed to examine the modifica-
tion of field emission current by external magnetic
fields, Kennedy and Muir‘'® have found two ap-
parently separate effects. Tungsten emitters were main-
tained at liquid helium temperatures and subjected to
magnetic fields of up to 5 tesla. For all emitters studied,
a steady exponential decrease in emission current is
seen when the field exceeds a threshold value. For
fields just above the threshold, the reduction in emis-
sion showed cyclic changes superimposed upon the ex-
ponential form which first increase in amplitude then
decrease as the field becomes larger. Those later vari-
ations suggest a resonance effect and differ greatly
among the various emitters. To accentuate the cyclic
variations, the authors subtracted the exponential decay
of current with increasing field from the experimental
curves using an empirically derived equation. The
residual variations showed clearly that successive cyclic
peaks occur at equal intervals of magnetic field change.
The magnetic field intervals as well as the amplitude
and complexity of the cyclic variations, however, ap-
pear to be characteristic of the individual emitters.
The authors note that at a given applied electric field,
the observed emission current is determined by the
number of carriers incident upon the potential bar-
rier within the emitter which have large momentum
components normal to the surface. It is therefore
suggested that earlier theoretical attempts to describe
the influence of magnetic fields upon emission using
a flat surface model are inadequate. Rather, if the
needle contour is considered, a magnetic field parallel
to the emitter axis would serve to reduce the radial
momentum of charge carriers, thus reducing the con-
tribution to the total current from all but the small
area of the emitter tip. Further, resonances in the
emission may be realized if the cyclotron resonance
orbits within the conductor are appropriately related
to the emitter radius.

In practice, field emission occurs from emitting
points, yet the Fowler-Nordheim equation is formu-
lated for a plane surface where the surface electric
field, in the absence of image charge considerations for
emitted electrons, is uniform. Rabinovich'® has
pointed out that that lack of uniformity at the emitter
tip alters the shape of the surface potential barrier
and becomes an important consideration for ultrasharp
emitters having radii of the order of 10°7 cm. Because
of this effect, the emission current density is generally
higher than deduced from Fowler-Nordheim plots.

Another effect which causes the current density at
the emitter tip to be higher than estimated from emis-
sion current plots is the difference in emission proper-
ties of various crystal planes. These planes generally
have different work functions and therefore different
emission current densities. Aside from the point to
point differences in tip current density, this effect also



tends to cause the emission current to be spread over
a wider solid angle than would have been the case for
the same tip contour without oriented crystal planes.
This consideration led Heinrich et al.‘'® to devise a
method for etching ficld emission tips from a lead-
silicon-copper metallic glass. Such a material is non-
crystalline at room temperature and consequently has
a uniform work function. Current from the tip is con-
fined to a cone of half angle 0.15 radian with a total
yield of about 5 uA. Tip radius was estimated to be
0.5 um. The authors suggest that the mean current
density of the tip is more than that of a tungsten tip
at the same total current. One shortcoming of the
tip material, however, is that an irreversible transfor-
mation to a crystalline state occurs at about 643 K.
For this reason, bakeout temperatures of the experi-
mental apparatus used in this work was limited to
523 K.

Work Function

Last year we referred to work by Michaelson who
had demonstrated the periodicity of work function of
polycystalline metals. Bakulin and Bredov(®%) have
shown a similar relationship through theoretical con-
sideration of surface polarization waves.

The effect of metallic cluster size upon work func-
tion was examined theoretically by Kolesnikov and co-
workers.‘®®  They obtained results for beryllium
which areessentially in agreement with earlier work by
Kulyupin (1975) and find that as cluster size is reduced
below 5 nm, work function increases rapidly. They
distinguish between two types of size effect. The first
isrelated to the number of surface atoms of the cluster
and varies over distances of the order of interatomic
separation. The second results from an averaging of
the first and varies with cluster size. It is the latter
which is generally observed experimentally.

A related effect of cluster size upon work function
is found in the work of Gaudart ef al.‘®”) In a study
of the work function of alkaline earth thin films, these
investigators note that as the film thickness of metal
deposited on a quartz substrate is increased, the work
function passes through a pronounced minimum,
which for calcium is 2.5 eV at a thickness of 5.5 nm,
for strontium is 2.2 eV at a thickness of 7.5 nm, and
for barium is 1.95 eV at a thickness of 1.5 nm. For
thicknesses slightly above these critical values, the
work functions rapidly increase to the values corre-
sponding to the solid materials. Concurrent electron
microscopy studies of these films using replica tech-
niques showed that below the critical film thicknesses
the deposited metal layers have a granular structure.
For thickness within 1 nm of the critical value, the for-
mation of aggregates or islands begins. With heavier
films, the spaces between the islands of metal fill in,
leaving < structure which is generally continuous with
occasional voids. The minimum value of work func-
tion for each of these metals has thus been identified

with the formation of material clusters. Whileit is dif-
ficult to compare this work with that of Kolesnikov
et al. (%% because of the difference in metal studied, it
seems clear that cluster size is a significant parameter
in determining work function.

Photo-Field Emission

Photo-field emission is the process by which elec-
trons are extracted from a ‘‘cold”’ (nonthermionic)
surface through the combined effects of optical illumi-
nation and high electric field. Lee and Reifenberger®")
provide useful background comments on the subject
as well as a discussion of their recent investigations.
They point out two principal modes in which the ef-
fect is studied. In the first, the energy of the incident
radiation is relatively small so that freeelectrons within
the metal must still tunnel through the potential bar-
rier at the metal surface in order for emission to occur.
In this case, an experimental Fowler-Nordheim plot
is a straight line, like that expected for normal field
emission. The slope of the plot, however, will be de-
termined by a work function which is equal to the dif-
ference between the field dependent barrier height and
the incident photon energy. In the second mode, the
incident photon energy exceeds the barrier height, at
least at high fields. This condition yields a Fowler-
Nordheim plot which may be linear at low fields but
which passes through a maximum at high field and
reverses the sign of the slope. Curves of this type have
been the object of a recent analysis by Tarenko. (°%

Lee and Reifenberger have analyzed the shape of
Fowler-Nordheim curves from photo-field emission
experiments and concluded that the energy spectrum
for a‘given total energy should be narrow. Initially
they were unable to verify this conclusion experimen-
tally. More recently they have found small cyclic varia-
tions in the photo current as the field was varied. It
apparently was this effect that rendered the earlier
energy distribution measurements invalid. The periodic
field dependent photo currents were observed for the
(510) region of a tungsten field emitter illuminated by
a krypton ion laser having a photon energy of about
3.5 eV. The phase of the field periodic changes in
photo current was found to be inversely proportional
to the square root of the electric field. The authors
suggest that the oscillations are related to quantum
mechanical interference effects associated with the
transmission of photo electrons across the surface bar-
rier. They indicate that the inverse square root rela-
tionship with field ‘‘may arise from the field depen-
dence of the width of the surface barrier.”” Surface
contamination may also alter the oscillatory behavior.

Radon and Kleint®®® have also reported periodic
current variations for photo-field emission from
tungsten. This work, in fact, predates that of Lee and
Reifenberger. Radon and Kleint used modulated
monochromatic illumination from a mercury discharge
and found a weak but reproducible dependence of the



photo current periodicity upon photon energy. These
authors suggest a model in which the potential bar-
rier is altered by adsorbates such that partial reflec-
tions of electron waves occur.

Additional studies of photo-field emission have
been carried out by Teisseyre et al.®*’ on tungsten and
barium covered tungsten using a He-Cd laser (3.82 eV
or 2.81 eV) and a He-Ne laser (1.96 eV). They have
examined polarization effects. The authors suggest
that photo-field emission should play an important
role in the cathode processes of a vacuum arc since the
cathode spot is a bright source of illumination located
in a region of high electric field.

Explosive Emission

Swanson and Schwind(*°® have described experi-
ments on a liquid metal emission tip for which the ex-
traction of current at high electric field is believed to
occur in an explosive emission mode. An alloy of
gallium and indium containing 12% of the former is
continuously fed through a tungsten capillary. Under
the stress of a continuously applied field, the alloy is
deformed into a tip of small radius resulting in a burst
of emission which discharges the local capacitance.
Upon recharging, the process repeats, producing a
relaxation discharge for which bursts of current having
peak values of 250 A are observed. Following an
earlier analysis by Taylor (1964) of the balance between
surface tension and field forces, the authors conclude
that the maximum current expected on the basis of pure
field emission is too small by several orders of magni-
tude. However, by taking into account the effects of
Nottingham heating and Joule heating at the tip and
by employing a work function of 3.0 eV instead of the
literature value of 4.1 eV, the authors further suggest
that the observed high levels of current can be attri-
buted to emission in the explosive mode.

Several advantages are cited for the liquid metal
emitter compared with solid ones. The liquid type is
self-healing, has no limit on lifetime, has a faster-rise
shorter-duration pulse, and has a time jitter less than
0.1 ns over a wide range of repetition rate.

Aside from whatever application liquid metal emit-
ters may have as electron sources, they also exhibit
an interesting luminous effect. During the emission
burst, a small incandescent spot appears at the emit-
ter tip, surrounded by a blue glow which extends sev-
eral microns beyond the tip. The authors conclude that
the blue glow is due to excited gallium atoms. In re-
cent years, there has been a growing belief that elec-
tron emission in the explosive mode is the mechanism
by which vacuum arcs exist. It seems reasonable that
the incandescent spot at the liquid tip is an arc cath-
ode spot and that the discharge is a vacuum arc for
which current is limited only by the external circuit
impedances.

Koval er al.*°") reiterate the view that explosive
emission is closely related to the processes of the
vacuum arc. They have made measurements of the

erosion products from an emission tip operated in the
explosive mode and compared their results with the
vacuum arc experiments of Utsumi and English (1975)
and Udris (1963). They note three areas of similarity:
(1) the number of particles per coulomb of charge
carried by the gap, (2) the distribution of particle sizes,
and (3) a pronounced shift of the size distribution to
smaller sizes with a decrease in current. These are
taken as evidence of the close relationship between
explosive emission and vacuum arc emission processes.
The authors consider their results as preliminary.

While explosive emission is usually associated with
discharges in vacuum, Babich et al.(%? cite experi-
ments which suggest a relevance to discharges in air at
pressures up to one atmosphere. Support for this
view is taken from three considerations. First, the
development of an avalanche in the gas is expected to
produce an ion space charge region at the cathode
capable of enhancing-the surface field to the required
level. Second, observations of spectral lines at the
cathode during the developing discharge show the
presence of doubly ionized species of cathode metal
but few singly ionized atoms, indicating a hot plasma.
Third, micrographs of the cathode after a discharge
show craters ranging in size from one to ten microns,
while the anode shows no cratering. It is concluded
that explosive emission does occur in gas discharges,
although the process plays a less important role in the
discharge development than in vacuum.

Ion-Surface Interactions

A common method of cleaning a surface to be
used in high voltage vacuum devices is the bombard-
ment of that surface by heavy ions in a glow discharge.
In some cases, the metals treated in this way develop
conical structures which are sometimes associated with
impurities. Whitton er al.‘*'® have investigated this
effect and concluded that the cone or pyramid struc-
tures are crystallographic in origin and that impurities
are not required for their growth. Copper of five nines
purity (99.999%) was bombarded with 40 KeV argon
ions for a total sample dose of 1023 ions/m? at room
temperature. Both pits and pyramids were produced
by this treatment, but is was noted that pyramids had
formed only for crystal planes lying in the interval 12
to 15 degrees from the (100) direction, midway between
the (100) and (110) planes. With a crystal cut speci-
fically to expose this surface, ion bombardment pro-
duced an array of pyramids having crystallographic
regularity. The formation of the pyramids is associated
with surface defects. The process is suggested as having
several practical uses among which is the fabrication
of field emission or explosive emission cathodes.
Similar pyramid formations have recently been noted
by Rizk'") for argon bombardment on a stainless
steel. This work investigated surface microstructure
changes produced by ion bombardment. The author
concludes that a significant reduction in surface rough-
ness can be effected in this way.



Particle Effects

Since the proposal by Cranberg in 1952 that vacuum
breakdown could be initiated by particle impact, the
behavior of particles under high fields in vacuum de-
vices has been examined in numerous papers. Among
the more important recent contributions are publica-
tions by Haug and Texier*?") and Boulloud and
Texier.122) In the first of these, a study was made of
the effects of a pumping technique and baking upon
generations of microparticles within a vacuum enclo-
sure. Employing a special electrostatic device for par-
ticle detection, they find that a system which has been
ion pumped and conditioned using ramps of high
voltage so that no particles are detectable retains its
apparent particle-free condition after being refilled
with filtered air and reevacuated with an oil diffusion
pump. The diffusion pump oil vapor, which was not
trapped, did not contribute to particle generation.

It was also found that newly polished electrodes
installed in the experimental tube yielded many parti-
cles. If, however, the tube was baked at 873 K for two
hours after new electrodes were installed and after
evacuation, no particles were found. The authors con-
clude that heating destroyed organic particles and/or
caused particles to adhere more strongly to their rest
surface. The publication by Boulloud and Texier
draws the same conclusion and points to other instances
in the literature which support this view.

There are other uncertainties connected with the
study of particles. Generally their shape and even
their composition are unknown. Measurements from
outside the vacuum enclosure indicate only particle
velocity and total charge, and these show that the
charge carried by a ‘‘natural’’ particle is greater than
would be-computed for a spherical shape. The factor
by which measured charge exceeds that deduced on the
basis of a sphere is termed the overcharge factor by
Texier. Texier and Haug!**®) find that the over-
charge never increases with increasing applied voltage.
To account for this result, they consider such factors
as particle density, shape, and charge loss, but arrive
at no firm conclusion regarding the origin of the over-
charge. In connection with particle shape, Shtepa(!2¢)
has analyzed the motion of an elongated ellipsoid of
revolution in vacuum under the influence of an elec-
trostatic field. Under certain assumptions, the results
of this work allow earlier analyses for spherical parti-
cles to be extended to the ellipsoidal case.

Inarelated paper Winterberg(*27? discusses the high
velocity reached by filamentary particles in vacuum
diodes under high electric fields. He suggess that the
filament is pulled out of an anode surface by the field
and is the focal point of a breakdown across the gap.
If the particle radius is sufficiently small, the bulk of
the filament, despite the discharge, will retain its shape
through the action of the high local magnetic field of
the discharge current. This condition permits the parti-
cle to attain a higher than normal charge and accounts
for high particle velocities.

Impurity Effects

In recent years increasing attention has been fo-
cussed upon the role played by electrode impurities in
electrical breakdown. Hurley and Dooley(*3”? asso-
ciate breakdown with semiconducting inclusions.
Similarly, Allan and Latham(!3®) have examined elec-
tron emission from microscopic sites on broad area elec-
trodes using a 180° electrostatic deflection electron
energy analyzer and have compared these results with
those obtained from a reference tungsten emitter. They
conclude that the observed emission is reasonably inter-
preted in terms of an emitting area having a semicon-
ducting overlayer.

Further work on contaminated cathodes has been
carried out by Juttner. (14®) In these experiments, small
spherical electrodes were formed by melting the ends
of wires 20 um to 100 um in diameter n vacuum under
electron beam bombardment. Cathodes of tungsten,
molybdenum, iron, and copper were prepared in this
way. The first two of these metals were formed at suf-
ficiently high temperatures that the resulting spheres
were clean. For the latter two metals, however, some
impurities, possibly carbon and sulfur, survived melt-
ing temperatures. Juttner compares the erosion pro-
duced by breakdown discharges for the clean and im-
purity bearing surfaces. He finds in the case of a clean
sphere (molybdenum) that cathode erosion occurs on
single crystal faces and is not preferentially situated at
the grain boundaries. On the other hand, the erosion
patterns on the copper and iron spheres occur princi-
pally on the grain boundaries. Itis concluded that grain
boundaries are more likely to accumulate a higher
impurity concentration than the exposed crystal sur-
face. Juttner also finds that initial discharges on con-
taminated samples occur at very low voltages and are
characteristic of microdischarges but anode involve-
ment is precluded by the electrode geometry. A parallel
is drawn between these low voltage discharges and vac-
uum arcs drawn between contaminated surfaces for
which erosion is slight and cathode spot velocities are
high.

Magnetic Field and the Anode

The effect of a transverse magnetic field upon the
breakdown and emission characteristics has been
studied by Petrosov and Cherkasskii.('*¢? They find
that the prebreakdown emission current to the anode
is strongly suppressed when the Larmor radius for the
electrons becomes less than the gap length. A cor-
responding increase in breakdown voltage is also noted.
Although this paper contains interpretive errors re-
garding emission current density and to a certain ex-
tent reiterates conclusions drawn in the 1958 work of
Pivovar et al., the data illustrate the dramatic changes
that occur in emission and breakdown characteristics
with increasing field strength.

The increase in breakdown voltage with transverse
magnetic field noted above occurs because the inter-
action of the prebreakdown emission current with the
anode surface is suppressed. Without the field, emis-



sion sites produce electron beams which strike the
anode and may produce vaporization or dislodge a
small mass of metal. Ionization of this anode material
can lead to electrical breakdown. Poshekhonov
et al.'*® have explored the development of breakdown
in a gap for which the anode is bombarded by a beam
from an electron gun. They find that if the beam in-
tensity is kept below 10'® W/m? with gap voltage ap-
plied, breakdown occurs at a reproducible delay time
measured from the application of beam power. This
mode of breakdown is identified with the evapora-
tion of anode metal. Above 10'° W/m?, a pulse of
current passes through the gap before the transition
to breakdown occurs. As the beam power is in-
creased, the time period between the application of
the beam and the current pulse becomes shorter while
the peak current becomes higher. At still higher
beam powers, breakdown becomes coincident with
the pulse. It is suggested that the anomalous behavior
at beam intensities higher than 10'® W/m? is related
to the formation of the breakdown in a gaseous atmo-
sphere desorbed from the anode surface by beam
bombardment.

Similar observations of prebreakdown current
pulses in an electron beam tube were reported by
Gaponov ef al.‘**?) In this work, it was found that a
substantial increase in breakdown voltage could be
obtained for unconditioned surfaces by placing a
grid, positively biased with respect to the anode, in
front of the anode. The authors suggest that the grid
is effective in reducing charge exchange between anode
and cathode. Experimentally it is found that an in-
creasing grid potential reduces the magnitude of the
prebreakdown current pulse and delays the appearance
of the pulse. At a working bias level, the current pulse
is totally suppressed.

Insulators

Miller and Furno(!79-18® discuss two approaches
to improved insulator design. In the first, alumina
ceramic is coated with a mixture of manganese and
titanium, while in the second a 95% alumina is made
with 4% manganese and 1% titanium in the bulk. Both
approaches are compatible with alumina brazing
procedures, are not damaged permanently if a break-
down occurs, and offer an improvement in dielectric
strength (20% for the 4% Mn, 1% Ti mixture). The
improved dielectric characteristic is attributed in part
to the lower resistiviy of the insulator and to a reduced
secondary electron emission at the surface.

A case in which discharge damage causes deteriora-
tion in secondary emission properties is discussed by
Stringfield e al. (*®") who investigated flashover propa-
gation speeds on dielectric cathodes of an electron
beam accelerator. They find a propagation speed for
alumina to be about 2 x 10'' m/s while that for alu-
mina coated with Cr,O; was 1.3 x 10’ m/s. The
Cr,0; coating was used to obtain a surface for which
the secondary electron yield would always be less than
unity. Once a filamentary conduction path had been

established on the coating in the course of a develop-
ing discharge, however, the coating was removed,
exposing a surface for which o would exceed unity.
Thereafter there was little difference in dielectric be-
havior in the coated and uncoated insulators.

In recent work carried out by Chatterton and
Davies, (182) the secondary emission coefficient, o, was
determined in situ for three different insulators before
and after measurements of flashover voltage. They
find an increasing flashover voltage in successive trials
with a corresponding decrease in the secondary
emission characteristic over the energy range 250 to
2500 eV. They further report a decrease in o in local
regions of the insulator which show discharge track-
ing. The authors attribute the reduction in o to the
presence of a discontinuous metal film on the insula-
tor deposited there during the discharge erosion from
the electrodes.

A similar reduction in secondary emission coeffi-
cient was noted by Lavarec et al.*®®) on surfaces of
niobium, oxidized niobium, tantalum, and gold for
primary electron beam energies in the range 200 eV
to 3 KeV. They attribute the changes in o to modifi-
cation of adsorbed layers by the primary beam. They
conclude the effect is not of thermal origin. The calcu-
lation of secondary electron emission coefficients for
twenty insulating materials is the subject of a paper
by Kanaya et al. '8 who obtain results in good agree-
ment with experiment.

The temporal development of dc flashover on
alumina has been investigated by Cross‘'87 using sub-
nanosecond streak photography. Experiments were
performed in a vessel having a background pressure of
10-3 Pa. Photographs are obtained which show a
luminous region, starting at the cathode, growing
toward the anode at approximately 4 x 10’ m/s. This
event is followed by intense luminous clouds expanding
from both the anode and the cathode at rates of
4.8 %x 107 m/s and 2.4 x 107 m/s respectively. The gap
is bridged within 0.15 ns. The following sequence of
events in the flashover of the insulator is suggested.
An initial positive charge on the insulator surface pro-
duced by secondary electron emission serves to en-
hance the field at the cathode junction of the insulator
increasing electron emission current. With further in-
crease in gap voltage, a spot on the insulator near the
cathode junction becomes still more positive, pro-
ducing a cathode emission burst which exceeds the
more or less steady electron losses to the anode. This
burst causes light emission from the cathode and masks
the positive charge on the insulator with an electron
cloud. The cloud, lying initially closer to the cathode,
causes subsequently emitted electrons to arrive at the
insulator closer to the anode. Ultimately the burst
strikes the anode. A consequence of the electron bom-
bardment of the solid is the desorption of gas accom-
panied by excitation and ionization. The final step
in the flashover process is a discharge through the
channel of desorbed gas which now lies adjacent to
the insulator. It is this last stage that provides the



luminosity (recorded in the streak photographs) which
proceeds from both anode and cathode surfaces. This
mechanism is similar to that proposed by Avdienko
and Malev‘!®®) in that both require desorbed gas
for the development of the discharge. The mech-
anism outlined by Cross is nearly identical to that
which was more recently proposed by Anderson and
Brainard. (188

VACUUM ARCS

The Arc Cathode

The current density at the arc cathode spot has
been a subject of intense experimental and theoretical
interest for decades, since a knowledge of this quantity
is essential in establishing the arc emission mechanism.
Eckhardt*® has investigated this question for an-
chored cathode spots in a dc mercury vacuum arc.
She finds that the current carried by individual spots
varies continuously from about 0.6 A at a current of
40 A to 2.5 A at a total current of 300 A. Current
density varies over this same current range from about
4x10° A/m?to0 1.5x10° A/m?, the latter value corres-
ponding to the highest current. These results are in
good agreement with previous studies.

Juttner et al.?°® studied the propagation of the
cathode spot over clean solid surfaces in vacuum.
Streak photographs for arcs on copper in the current
range 10 A and 75 A show fluctuations in intensity
which are viewed by the authors as extinctions and
reignitions of cathode spots. Viewing spot motion
through a mesh anode and correlating the streak pho-
tographs with arc voltage fluctuations, the authors
conclude that the displacement of the spot with time
follows the random walk relation in which the step of
movement, Ax, for a given time interval, At, is propor-
tional to the square root of At. The interval At repre-
sents the time required for the spot to erode the thin
layer of liquid metal at the spot crater rim. The quan-
tity Ax is taken to be the cathode crater radius.

This view is expanded upon in a latter work by
Juttner 2°Y) which discusses various aspects of crater
formation and erosion. By comparing crater sizes as a
function of arc current for nanosecond discharges with
those for dc arcs reported by Daalder (1974) and by
correlating cathode spot movement for dc arcs on cop-
per with a random walk process in previous work
[Juttner, Freund, Pursch (1976)], Juttner has con-
cluded that nanosecond discharges and dc arcs are sus-
tained by the same cathode mechanisms. In particular,
dc arcs in vacuum for currents less than 100 A exist as
a rapid succession of nanosecond discharge events in
steps having a length equal to successive crater radii.
This view requires that after a discharge the cathode
craters lie in a connected string, a condition which is
not always seen experimentally. Juttner does in fact
report cases for which the crater pattern of a single
discharge occurs in disconnected segments. He ac-
counts for this effect by proposing that metal drop-
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lets ejected from an active crater strike the cathode
surface at a distance from the parent crater which can
be large compared to the crater radius. The impact of
such a droplet with the cathode provides the necessary
conditions for discharge ignition there.

The view that a vacuum arc sustains itself as a rapid
succession of discharges is widespread and carries with
it the notion of cathode emission fluctuations and
instability. Itis well recognized that when a dc vacuum
arc is initiated at low current, the discharge will burn
for a finite time then spontaneously extinguish. The
duration of the arc varies statistically with arc cur-
rent, cathode material and circuit constants as well as
a number of other parameters. In ac circuits, this ef-
fect is seen as an instability and sudden extinction of
the arc at the end of a half cycle period of arcing where
current is low. This form of instability is called
‘‘chopping.”” The currents at which chopping occurs
tend to be high for cathode metals which have high
melting points and lower for the less refractory metals.
The melting point, or more properly, the vapor pres-
sure characteristics of the cathode metal determine
the ease with which the arc cathode spot can supply the
metal vapor atmosphere needed to maintain the arc.
Hassler et al.(2°?) report measurements of chopping
currents for copper, tungsten, and composites of those
two metals. They find that the chopping currents for
copper are somewhat lower than has been found in
earlier literature. For a tungsten matrix impregnated
with 12% copper and another having 24% copper,
the former has a lower chopping current than the lat-
ter. That is, the metal containing the lower percentage
of copper sustains a more stable arc. The authors sug-
gest that this result follows from the lower losses of
surface heat through conduction in the bulk metal of
the electrode. This condition enhances the vaporiza-
tion of copper at the cathode spot and sustains a more
stable arc.

Certain characteristics of cold cathode arcs at at-
mospheric pressure are fundamentally the same as
for the vacuum case. Thisis particularly true of cathode
spot stability. Gray and Pharney‘2°® describe mea-
surements of arc durations for palladium, silver,
palladium-silver and gold contacts in air for currents
ranging from 0.1 A to 1.5 A in a 50 volt dc circuit.
Atacurrent of 0.5 A, it was found that, on the average,
arc durations early in the use of contacts were higher
for surfaces with a rough finish. After approximately
3000 trials of ‘‘make and break’’ operations, the aver-
age arc duration for all surface finishes becomes similar
and lower than the initial values. The authors suggest
that the 3000 initial operations have served to com-
pletely replace the original surface microstructure so
that all surfaces regardless of their initial preparation
become the same. The paper further shows that the
statistical distribution of arc durations in a succession
of trials changes from one in which the mode of the
distribution is zero to one which is log-normal in form
as the current is increased. The authors identify the



current at which this transition occurs as the minimum
arc current. Data suggest that below this minimum arc
current, the statistical duration of the arc is controlled
by the volume of the molten metal bridge which is
formed at contact parting.

Guile and Hitchock 2°4) have called upon some of
their earlier work to compare certain erosion charac-
teristics of moving arcs at atmospheric pressure with
published data on vacuum arcs. They note that for
atmospheric-air arcs on copper, the cathode crater
diameters are usually less than 1 um and individual
emitting sites carry currents of 10 to 15 mA, while for
vacuum arcs crater diameters can be 10 times larger and
emission sites may carry 100 A. The authors call at-
tention to the fact that the high pressure arc in its
normal rapid motion across the cathode surface has
an erosion rate that is roughly proportional to the
first power of the arc current. In a slowly moving
mode, however, the erosion rate undergoes a dramatic
increase. A parallel is drawn between this enhanced
erosion mode and the high-current, anode-melting
mode of a vacuum arc for which erosion rate also is
greatly increased. It should be kept in mind by the
reader, however, that this parallel between high pres-
sure and vacuum arc erosion appears not to reflect a
fundamental similarity since the phenomena giving rise
to the observed effects are probably quite different in
the two cases. Another aspect of vacuum arc erosion
may provide a better comparison. It is well recognized
that vacuum arcs will move very rapidly over oxidized
surfaces and show very low erosion rates. However,
after the surface has been eroded by many arcs and the
oxide is removed, the propagation velocity becomes
markedly reduced and the erosion rate increases sig-
nificantly. This behavior appears to be more closely
related to the fast and slow cathode spot modes at high
pressure.

Under the influence of a transverse magnetic field,
cold cathode arcs at low pressure tend to move in a
direction which is opposite to that predicted from
vxB forces. Recently Robson(2%6) measured retrograde
velocities of about 500 m/s in a field of 1 tesla for arc
currents of 5 A and 10 A. He suggests that the in-
fluence of electrode separation on reverse motion has
not been appreciated and concludes that this param-
eter is properly accounted for in the 1953 proposal of
Robson and von Engel. According to this view the arc
cathode spot moves in response not only to the imposed
field but also to a component introduced by the cur-
rent flow to the spot. Because of the bending of the arc
positive column (which occurs more readily at low
pressure), the self field can exceed the external field,
driving the spot retrograde.

The movement of cathode spots on oxide films has
been examined by Hitchcock et al. (2'®) At atmospheric
pressure with 40 A arcs on copper electrodes spaced
3 mm apart, the spot velocity over the surface is found
to depend upon the strength of a transverse magnetic
field according to the approximate relation U « B.°-¢

For fields up to about 0.1 tesla, spot velocity varied up
to about 55 m/s. Oxide film thicknesses between
2.5 nm and 110 nm were investigated and over this
range did not have a large effect on spot velocity.

The authors also investigated spot movement over
a pressure range of a few torr to 200 torr on copper
using a fixed field of 0.075 T. The gap length was
1.5 mm and the current 12 A. For a film thickness of
2.5 nm, which corresponds to that obtained upon ex-
posure of copper to air, a reduction to zero velocity
was noted as pressure approached 100 torr. Below
that pressure, the arc was stationary until a pressure of
25 torr was reached, at which point movement became
retrograde. At a few torr, the measured retrograde
velocity was about 45 m/s and showed much greater
scatter in values than was observed for forward
motion.

A new theory of vacuum arc cold cathode spot
operation has been developed by Harris.(?'¥) The
analysis employs no adjustable input parameters and
yields a quantitative description of cathode spot prop-
erties which can be compared with experiment. A
sample calculation for copper is cited. Harris finds
that a single Kesaev cell carries a current of 80 A and
operates at a voltage of 10.2 V. Computed current
density is 1.3 x 10! A/m?, the ratio of electron to ion
current, 8.8, the average degree of ionization 1.77, and
the ion energy, 45 eV. Each of these figures compares
favorably with experimental measurement. The elec-
tric field at the cathode is found to be 2.5 x 10° V/m.

Dalder‘?'?) has developed a model for the active
cathode spot which considers the sustained arc as a
succession of self-extinguishing ignition events. Upon
initial ignition of a cathode spot, the current density
within the bulk metal of the electrode tends to be high.
Joule heating of the metal is therefore also high, causing
evaporization and ionization of metal atoms. This ion
flux enters the region just above the erosion area to
maintain a plasma cloud which extends laterally for a
much greater distance than the size of the ion source
area. As the erosion of electrode material continues,
a crater forms and enlarges so that the current density
in the emission zone becomes smaller. With further
reduction in current density, the rate of ion produc-
tion falls reducing the ion density above the emission
zone. A new ignition site is formed by the expanding
plasma region, which then recycles in the same way as
the previous spot. Daalder estimates the probable
limits of ion current flow to the cathode to lie between
10% and 20% of the total arc current with the lower
percentage being more likely.

A discussion of the cathode spot emission proper-
ties and the influence of polarization effects in the
dense vapor above the cathode emission zone has been
given by Leycuras. 2! He suggests that the presence
of a high concentration of metal atoms above the cath-
ode surface constitutes a dielectric fluid which can be
polarized in the cathode field. He supports this view
with experimental data from a high pressure, high



temperature mercury vessel. The effect of such polari-
zation is to reduce the surface work function and
thereby strongly alter the cathode emission process.
He indicates that the effect should be taken into ac-
count in theoretical descriptions of cathode emission
processes.

The Arc Anode

In a low current vacuum arc, positive ions gener-
ated at the arc cathode move into the interelectrode
volume neutralizing the space charge associated with
the electron flow and maintaining the arc voltage at a
low value. Typically the flux of ions from the cathode
is anisotropic and has a maximum along the discharge
axis. This aspect of the discharge has been shown by
a number of investigations in the past and most re-
cently in a study by Kutzner.??!) The directional
character of the ion flux and its moderating effect on
arc voltage is illustrated in an experiment by Schwartz
et al.???) who found large voltage fluctuations in the
arc voltage of a discharge for which the anode was a
ring coaxial with the axis of the cathode. It is likely in
this circumstance that the anode lies outside the region
of highest ion flux so that effective space charge neu-
tralization does not occur.

At high current, the flux of ions reaching the anode
in a gap between conventional butt-type contacts is in-
sufficient to neutralize the anode space charge, causing
an increase in anode drop. It is felt by some that the
increased voltage in the anode region causes a higher
input of energy to the anode surface which ultimately
leads to anode melting. The past literature on this
subject contains several papers aimed at determining
the threshold conditions which lead to anode spot for-
mation for parameters such as electrode metal, gap
length, arc current, and discharge duration. A new
paper by Boxman et al.??%) investigates power fre-
quency effects for arcs triggered between electrodes of
copper and of nickel. Threshold currents, indicated by
a sudden rise in arc voltage during an approximately
sinusoidal current waveform, were found to be higher
for higher power frequencies. Several possible mech-
anisms for this effect are discussed.

One method for improving the distribution of ions
in the vicinity of the arc anode is the use of an axial
magnetic field across the discharge gap. An indication
of the effectiveness of this approach is the consequent
reduction in arc voltage. Measurements of vacuum
arc voltage as a function of axial magnetic field have
been carried out by Gundlach?2®) for molybdenum
and for copper electrodes. He found that for an arc
current of about 100 A, the arc voltage increases as the
square root of field strength up to the maximum field
studied, 0.25 tesla. For higher currents (up to 25 kA
for copper and 30 kA for molybdenum), he finds that
as the field is increased from zero, the arc voltage (ini-
tially higher than for the 100 A case) decreases to a
minimum having a value and a corresponding field
which depend upon current. For fields beyond the

minimum, arc voltages at the various currents increase,
asymptotically approaching the curve for the 100 A arc.
This result is largely in agreement with the 1975 results
of Rondeel who examined the same metals over the
same field range. However, Rondeel found that the
voltage curves at various currents for copper at high
fields failed to converge completely and remained sep-
arate and distinct over the full field range studied.
Gundlach attributes this difference to a skin effect
voltage drop in the body of the contact of the Rondeel
work. Gundlach also presents measurements of arc
drop as a function of gap length for various magnetic
fields, as well as measurements of radial cathode spot
velocity. He presents a simple model of the discharge
for the region lying outside the cathode spot based
upon his results.

Foosnaes®) discusses a wide variety of experiments
on 500 A vacuum arcs of 30 to 35 ms duration in axial
magnetic fields varying from 0 to 0.35 tesla. His in-
vestigations were carried out in a demountable test cell
and included studies of (1) the energy delivered to the
anode, cathode, and surrounding electrically floating
shield as a function of gap length, arc voltage and
floating shield potential; (2) changes in mass at anode,
cathode, and shield; (3) ion currents and energy distri-
butions; and (4) radiation losses. Foosnaes describes
the general behavior of the arc from his own work and

‘that of Kimblin and Voshall (1973) and of Rondeel

(1975). With increasing field the cathode spots are less
random in their motion, each becoming associated
with a plasma column extending to the anode. In the
high field range, the arc drop increases with field be-
cause the plasma columns become similar in their char-
acteristics to the positive columnsin high pressurearcs.
Among the conclusions drawn from this work are the
following: (1) the equivalent voltage drop of the energy
dissipated at the anode is 1.7 to 1.9 times that at the
cathode over the range of fields studied, (2) the energy
collected by the shield surrounding the arc depends
upon shield configuration and field but is higher with
the field than without it (an unexpected result); (3)
cathode erosion increases with increasing field, appar-
ently because of the retarded cathode spot movement;
(4) the ion current to the shield is saturated over the
field range and therefore remains constant; and (5) ion
energies are not significantly altered by the field.
Agarwal and Holmes‘227) have studied axial mag-
netic field effects in triggered, high-current arcs be-
tween 75 mm diameter copper electrodes at a gap of
15 mm. Arc currents from 2.7 kA to 8.7 kA were used
in conjunction with fields up to 0.2 tesla. Current
flow patterns during the arc were mapped by a mag-
netic probe. Two discharge modes are described. With
no axial field, the triggering event generates a ring of
cathode spots which expand as a ring with increasing
time. The flow lines of current vary their inclination.
with the electrode axis to follow the expanding spot
ring. When no axial field is present, some of the spots
of the expanding perimeter remain within, tending to



give an internally uniform distribution of spots. For
this case, the flow lines tend to remain parallel with
the electrode axis. It is the cathode in these two cases
that undergoes the greatest change since the flow ter-
minates at the cathode spots. The anode ends of the
flow are similar with and without the field.

A more recent paper by Sherman et al. ??®) shows
data similar to that just mentioned and provides addi-
tional information on the arc voltage during the ex-
pansion of the ring of cathode spots. Currents in the
range 3 kA toabout 9 kA were studied without an axial
field. Arc drop was found to be dependent upon cur-
rent, gap length, and time, and measurements were
well described by a simple relationship derived by the
authors. A comparison is also made with the results
of Mitchell (1970) for drawn arcs.

High current arcs drawn under the influence of axial
magnetic fields have been studied by Heberlein and
Gorman‘23%) ysing 100 mm copper, butt-type contacts.
They note that with contacts parted at an instanta-
neous current on an ac current wave with no axial
field, the bridge rupture at contact parting forms an
arc column which expands to become diffuse within
one millisecond. If parting is delayed to an instanta-
neous current of 7 kA to 15 kA, the bridge rupture
forms a column with diffuse boundaries which expand
linearly with increasing current. With continuing cur-
rent increase above 16 kA, the expanding column con-
stricts and remains so until the current drops below
10 kA. The work describes the appearance of the high
current arc under conditions where both the instanta-
neous current and the gap length change with time and
includes comments on the conditions under which
anode and cathode jets are formed. The presence of
an axial field tends to delay intense anode activity to
higher currents and longer gap lengths. The paper
stresses the importance of the instantaneous current
at contact parting upon the subsequent appearance of
the discharge. Results are summarized in ‘‘appear-

ance’’ diagrams in which the principal coordinates are .

current and gap length.

While the more fundamental studies of axial field
effects are conducted by employing external coils, a
greater simplicity is achieved for practical vacuum in-
terrupters by designing the electrodes themselves with
current flow patterns which will produce the required
field. An example of such a development is given in a
paper by Okumura et al.?3®) The authors discuss a
design in which the arc drop can be as low as 52 V for
a 40 kA (rms) arc current. Contact erosion is said to
be of the order of 100 ug per coulomb of charge trans-
ferred by the arc—a figure characteristic of low cur-
rent vacuum arcs.

The axially symmetric magnetic field which is fre-
quently favored as a means for reducing the tendency
for anode spot formation at high current and long gap
lengths has been modified by Pertsev et al. 3% to in-
clude a radial component. This condition is achieved
simply by incorporating a field producing coil coaxially
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in one electrode only. The authors report interruption
of 60 kA peak current for 10 cm diameter copper
electrodes in a system which develops a peak recovery
voltage of 13 kV to 19 kV at an initial rise rate corre-
spondingto 15 kHz. Gaplength was 1.4 cm. Measure-
ments of arc voltage as a function of current indicate a
total arc drop which is generally low, approximately
60 volts at 60 kA. The radial field component is viewed
as providing a mechanism by which the arc anode root
can spread more easily over the electrode surface, re-
ducing temperature increases there.

We have heretofore considered the enhancement of
current interruption by suppression of anode spot for-
mation using an axial magnetic field. Under certain
conditions, a transverse magnetic field can also im-
prove current interruption. The use of a crossed elec-
tric and magnetic field configuration to modulate the
arcdrop of a vacuum arc has been studied by Dethlefsen
and Mylius‘?3%) following closely the work of Gilmour
and Lockwood (1972, 1975). A central cathode with
trigger is coaxially arranged below an annular anode
around which is a field producing coil. When a vacuum
dischargeis triggered and a coil energized, the arc volt-
age undergoes a marked increase. For a constant volt-
age source, this increase drives the arc current to a low
value. Desirable cathode metals for this application
would have low atomc weight as well as a high melting
temperature.

Vacuum Interrupter

The high vacuum conditions which are required
for the interruption of high currents or the withstand
of high voltage must be maintained within a vacuum
interrupter regardless of whether the device receives
frequent use or is idle most of the time. The question
of the gas content within the interrupter envelope and
the changes in these gases that may occur with varying
use and time is therefore an important one. Arthur
and Zunick‘*®*®) have measured residual gases in a
commercial device with acceleration of time effects
simulated by elevated temperature. They conclude
that most of the residual gas is evolved from the bulk
of the material within the interrupter envelope and
that gas permeation from the atmosphere is small for
interrupters having ceramic envelopes. In the discus-
sion of this paper, these conclusions are questioned by
Dethlefsen‘?4®) who noted particularly that permea-
tion of hydrogen through the thin wall of the inter-
rupter bellows is probably not negligible.

Juttner et al. >V have investigated the effects of
arcing upon gas content and conclude that if chemi-
cally active gases such as O,, CO, and N, are contained
within the bulk of the contact, the gases released by
arcing become immediately bound to the eroded metal
and therefore are not observed as residual gases. They
further conclude that if the electrodes are conditioned
by preliminary arcing, ‘‘the gas content of many con-
tact materials can essentially exceed the values men-
tioned in the literature without any negative effect to
the performance of vacuum interrupters.”’



The ability of a pair of opposing electrodes to with-
stand high voltage after they have been parted from an
initially closed position depends upon a number of
parameters. Some of these have been investigated by
Frolich‘**® for conditions typical of vacuum inter-
rupter operation. Breakdown voltages as well as field
emission currents were measured for both S0 Hz high
voltages and waveforms having rise rates in the range
0.2 to 50 kV/us. It was concluded that breakdown
between copper contacts after interruption of a small
current was limited mainly by residual cold weld struc-
tures at the surfaces formed during contact parting.
Arcing tends to smooth the surface especially at high
current. When the interrupter is arced at currents ex-
ceeding 10 kA, the ac breakdown voltage becomes
smaller, presumably by particle effects. Similar results
are obtained by Juttner‘?4%) in a study of various con-
tact metals in a current range up to 20 kA. A paper by
Rushton et al.?%") also is closely related. This work
was discussed in last year’s review on the basis of a
University of Liverpool Report.

While contact surface effects determine in large
part the voltage withstand capability after interruption
of current, a time varying component of dielectric
strength immediately following arc extinction is im-
posed by the decay residual arc plasmas in the interelec-
trode space. Certain of the processes which come into
play during this period are discussed by Farrall. (252
Among these is the generation of a space charge field
formed at the new cathode surface by the impressed
reverse voltage acting upon the plasma residue. This
field can become sufficiently intense under some con-
ditions to promote breakdown at the new cathode sur-
face. It is concluded that this breakdown mechanism
can be dominant for some electrode metals during
early recovery. Later, however, recovery is more likely
to be controlled by the relatively slow decay of neutral
vapor. The effect of neutral vapor density upon di-
electric recovery of vacuum interrupters has been con-
sidered by Gorman.(?%¥ A semiemperical analytical
expression was obtained; this expression is reported to
have predictive value in assessing recovery strengths
of different gap lengths for widely varying arcing
conditions.

Recovery in vacuum is strongly influenced by the
degree to which neutral vapor will adhere to surfaces
surrounding the arcing volume upon initial impact.
Particles that rebound from these surfaces may reenter
the gap volume and slow the recovery. Harris‘?%% dis-
cusses an analysis of particle surface energy accommo-
dation within the framework of a model which in its
initial phase is mathematically equivalent to a tran-
sient in an RCL electrical circuit. Results are obtained
which show that under vacuum arc conditions impact
of a metal atom at a metal surface has a high proba-
bility of condensation.

In an experiment designed to explore the use of
vacuum interrupters in dc circuits, Anderson and
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Carroll(26Y) have examined in detail the recovery char-
acteristics of an interrupter following rapid commuta-
tion of arc current. They showed that the single inter-
rupter used could interrupt a 10 kA current forced to
zero at a rate of about 1 kA/us and withstand a posi-
tive going recovery voltage of 100 kV rising at the rate
of about 2 kV/us. At a current of 10 kA for the ex-
perimental conditions prevailing, one would expect
modest melting at the arc anode.

In related work, Shimada et al.(%?) have studied
the use of axial field type vacuum interrupters for
Tokamak power switching. They propose an array of
eight interrupters: two in series, and four in parallel
for a 92 kA, 25 kV dc circuit.

Tokamak Discharges

Vacuum arc related effects have recently become
of acute interest in connection with the operation of
Tokamaks. Discharges between the Tokamak plasma
and the containing metal walls introduce metallic im-
purities which render plasma radiation losses unac-
ceptably high. There are a number of current papers
on this subject3°7-317) from which we select the work
of McCracken and Goodall‘3®”) for discussion. It is
pointed out that after a few weeks of operation and
discharge cleaning, more than one-half of the ohmic
power loss from the Tokamak can be accounted for by
radiation from metallic impurities. Measurements of
the thicknesses of metal films deposited during the op-
eration of the machine indicate that metal mass being
deposited far exceeds that expected on the basis of a
sputtering process. The ignition of arcs between vari-
ous internal surfaces and the normal Tokamak plasma
is suggested as a more probable source of metal vapor.
Clear evidence for this view is visible in micrographs
of cathode spot erosion tracks on metal surfaces typi-
cal of those found for vacuum arcs. From the micro-
graphs, it is seen that the arcs move in a retrograde
direction. The authors conclude that if the high concen-
tration of metallic impurities is present in Tokamaks,
generally ‘‘the impurity problem in contemporary and
next generation devices has to be reconsidered.”” The
type of discharge from the plasma to the wall is referred
to as a ‘‘unipolar arc.”” That terminology is not new
and can be found in a 1963 paper by Maskrey and
Dugdale. The problem of unipolar arcs, in fact, is the
same as discussed in that work, where the ignition of
an arc from a plasma to a bounding metal wall was
frequently found to be associated with nonmetallic in-
clusions in the wall surface. The problem of unwanted
arcs in the Tokamak is also found in connection with
MHD channels. (318-320)
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