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1. The High Vacuum Spark: Introduction and Historical Survey.

lele Introductlione.

Electrons can be extracted from cold metal surfaces by
high electric fleld strengths. The phenomenon 13 known as
field or auto-slectronic emission, and in 1928 Milliken and
Louritzen (1) introduced an empirical formula governing the
emission. This was

"I=C exp. (~-B/V) where I 1s the electroh current,

V is the extractive fleld,
and C and B are constants.

The classical theory of that time (2) falled to provide a
field emission mechanism and In 1928 Fowler and Nordheim (3)
produced a theory based on wave mechanics. This theory has
been successively improved untll it now agress wlth the
empirical results within the limits of experimental error (4).

If the voltage between electrodes in high vacuum is raised,
the field emigsion current will rlse, and at a certain polnt |
a sudden increage of many orders of magnitude will take placs.
This phenomenon is known as high vacuum breakdown and is the
subject of the present studye.

The prevention of high vacuum breakdown is of Iimportance
in certain high voltage equipments such as transmitting valves,
X-Ray tubes, magnetrons and accelerator tubes.

A considerable volume of work has been carried out on

vacuum breakdown but with various types of electrode gsometry,
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material, and surface condition. A great deal of the avallable
information remains uncorrelated, and with this in mind the
following historical survey has been drawn up. The survey
concludeg with a summary of the various proposed mechanisms of
breakdown snd a correlation of the avallable results with these
mechanisms.

The text, (sections 2, 3 and 4), which follows the historical
survey, describes the eXxperimental techniques.,and presents the
data obtalined. The conclusions, other than those necesgsary
for an eXplanation of the test procedure, are reserved untlil
the final section.

l. 2. Historical Survevy.

The high vacuum spark and arc were first mentloned in
published papers in connectlion with spectrographic studies, and
as early as 1897 Wood described what was apparently a high
vacuum gparke In these studies,(5,6,7,)the spark or arc was
used as a spectrographic source in the determlinatlon of the
spectrum of the electrods metal.

In 1918, Millikan and Sawyer described experiments which
had taken place in 1605 on high vacuum breakdown across geps
of one millimetre ar less. 'Hot metallic sparks'! were obtained
at gradients of about 150 KV/rm. It was noted that the breake.
down voltage rose with continued sparking, and that there was a
fall in breakdown voltage to about the original value 1f the
electrodes were left for some time. This led the authors to
suggest the dependence of the spark potential on a surface

conditione.
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In 1922, Hayden (8) wrote of breakdown between highly polished
molybdenum spheres. The bulb was baked while evacuated, and
the Spheres were outlgassed by heating to incandesence by
elecbron bonmbardment. The voltage (sixty cycles per second)
to break down the gap of 3.06 mm. was 213 KV., or a maximum
macroscoplc surface gradient of 123.5 KV/mm.

Piersol, (9,10), in 1824, described discharges between
hemispherical molybdenum shells which were 0.23 mm. apart.

The tube was baked at 50@00 before sealling off, and prior to
tegting, the electrodes were heated to 1400°c. A critical
gradient of 540 KV/mm. was obtained.

In 1926 the G.E.C. Research Staff (11) mentioned breakdown
phenomena in experiments on electron field emission from a
filamentory cathode to a dlsc anode, and described how on
occasion the dilscharge took place via the glass. They sugzested
that the transitory effects might be due to sodiume. A resist-
anca in series with the electrode system had a valus of 1-10iln
and breakdowns were obtained at fislds hilgher than 440 KV/mm. |

BEyring, Mackewan and Killikan, (12) in 1928, published a
paper Iin which they stated that it wasg possible to condltion
their wire cathode so that a surface fisld strength of 400 XKV/mm.
produced ne current at all. |

In the same year Hull and Burger (13) described vacuum

brealkdown phenonena..
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Heavy discharges were passed between 'solid tungsten electrodes!
2 mme. apart. Cathode Ray OGscillograph studies showed that the
current started as a ‘'pure electron discharge!, but soon changed.
to a tungsten vapour arc. The arc voltage was less than 1,000
and the discharge current was as high as 20,000 amperes. As
soon a8 the discharge ceased, the tumgsten vapour condensed and
the breakdown voltage returmed to its original value, The time
lag in passing from pure electron to arc diascharge was less

than 10:7 seconds. The time lag in reverting to electron
discharge was between 1 and 1@ microseconds for heavy current
discharges. The surface gradient necessary for breakdown was
about SOKV/mm. for tungsten and 10KV/mm. for carbon.

Also in 1928, de Bruyne (14), mentions that 1f the voltage
was taken too high during his field emission measurements (of
the order of micrcamperes), a bright star would momentarily
appear on the cathode, and thereafter a new emlssion character-
istic wag obtained. _

In the same year Tomaschewsky {15}, described experiments
carrled out at Leningrad on "The Insulating Strength of High
Vacuum”. Experiments at lower vdltages, up to a few thousand,
confirmed the results of Millikan et al. (11,12) for well
outgassed electrodes., At higher voltages experiments were
carrled out with various metals and shapes of electrodes -
disc type and crossed wires at spacings of lmm. Cutgassing
in general,consisted of either baking the tube at 400°¢ or

bombarding the electrodss by electrons and gettering with
alkall metal,
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Tomaschewsky found that for these different electrodes the
discharge started about 40KV with intense X-Ray fluorescence

of the vessel wallsg. In another set of experiments, electrodes
of nickel, iron, and vardious steels, were outgassed by preheating
to 1,00000 in a vacuum oven and then by application of high
voltage when set up in the system. With a gap of 3.5mm. the
discharge started at 130-140KV. Tomagchewsky noted that the
behaviour of steels depended on thelr carbon and sulphur content
- the higher the content, the lower the discharge voltage.

A periodic appearance of gas, which was indicated by a glow
in the gap was noted when using steel electrodes, indicating,
it was thought, a diffusion of gas from the inner layers of tﬁe
metal. This was noted at a certain stage in the oubgassing
when the electrodes were subjected to 120-140KV. Gas would
gstart to appear at the electrodes after 20-50 seconds, and would
be pumped away - the gap again becoming dark. This cycle
could be observed over maeny hours, occurring at regular time
intefva135.the shortest of which was about flve minutes. This
phenomenon usually disappeared with further outgassing.

Certain circumstances made Tomaschewsky suggest that the
breakdown was due, not to the field strength on the electrode
surfaces, but to the total voltage. This seemed to be
verified by the fact that in an experiment with one half of an
electrode removed, the discharge characteristics were the same
as with the electrodes whole. He cited the results of
del Rosario (16), who apparently found that the dlscharge

current was the same for different fields. Del Rosarlo's



-} -
results were dlsproved later (17). Tomaschewsky observed that
outgassing was impaired little by ellowing the system Vo stand
for a time at atmosphere. It was concluded fram this work ,
that with simple methods of outgassing and normal enginesring
m. terials, a breakdown strength of 40KV/mu. can be obtained.

In 1930, Compton and Langmuir (78) mentioned that in 1914
(Coolidge) and 1922 (Coolidge and.Langmuir) 1t was observed that
when field currents from a point cathode in high vacuum were
raised to several milliamperes, incandescent sparks were shot
out from the cathode in the genseral direction of thse disc-shaped
anode . These particles described sharply curved psths, convex
on the side towards the anode, so that most of them did not strike
the anode. Many of thesge particles, when they struck the anode
or bulb, were seen to rebound. It was suggeated tﬁat this effect
was probably caused by local heating resulting from the enormous
current densities at ths emission spot. Partlecles leaving the
cathode had a high negative charge and were attracted towards
the anode. Because of their high tempsrature, however, they
emlitted electrons and so became positively charged, and Qere
repelled from the anode. Conslderation of the temperatures
attainable at the point, showed that for intensitles of &s much
as 10 amperes per cnlz the temperature difference produced would
be only ebout 10, and 1t appeared probable that the particles
originated at surface points which were not in good electrical

and thermal contact with the body of the cathods.
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Bemmett, in 1931(19), made some interesting observatlons
regarding breakdown. His study wes on the discharge between
uncondl tioned spheres with a serles resistance of 10Ma

"Tt was established that with fair polish and purity, the first
emission always began at much higher field strengths and
suffered a sudden spontaneous increase of large order of
magnitude at still higher fields, i.e. "breakdown", than the
fields at which emigsion was drawn subsequently." He found
that on occasions there would occur a gudden large order increase
in current which behaved like premaiture breakdowvm. It would
Just as suddenly disappear, accompanied by a distinct click of
the glass, as 1f a metallic particle had hit it. This seemed
to indicate that forelgn particles, elther from the anode or
some other part of the tubse, could fly to the cathode, adhere,
give emission, and be torn from the cathode leaving no scan
which would glve measurable emigsione.

Bennett also found that, using a coppef cathode and anodes
of molybdenum, aluminium, chromium and magnesium, the lowest
measureble current following breakdowns occcurred at fields much
higher than with a copper anode. It would appear that the
auto-electronic emlssion was from é rarticle torm from the anode
and adhering to the cathode. If altermatively the breakdown
was due to rupturing of the copper cathode surface, it would be
necessary to suppose that the relatively lower currents using_
one of the above four metals as anode was due to "beating down

of the ragged edges by positives from the anode."



-
{The term t*positives'! was presumably Iintended to cover elther

. positive ions or larger particles of anode material with a
positive charge.} This poésibility was further supported by-

the fact that, after prolonged auto-electronic discharge, the
white colour of the anode metal was distinguishable as a small
spot at the emitting point on the copper cathode.

Also in 1931, a paper by Snoddy (20), described impulse
breakdowns carrled out using pure copper electrodes. Rotating
mirror photographs of the disqharge showed a luminous spot at
the snode lasting 1 to 4 x 1@-7seconds, and & luminous spot at
the cathode starting slightiy later (1 to 2 x la-vsec.) than at
the anode and continuing throughout the discharge. The anode
did not remain luminous unless the current was very large. The
breakdown had two sta ges - the firgt was a pure electron
discharge lasting less than 5 X lﬂﬁv second which was followed
by a low-voltage, copper ﬁapour arce The current-voltage
characteristic of the high voltage stage followed the well known
law for auto=electronic emisslon. For the two gaps investigated
the areas of emission were calculated to be approximately
3 x 10"5cmzand 1 x 10™%m ind confirmed by microphotograph.

It was shown that in each case the anode spot at the time of
breakdown reached a temperature of approximately 260@90.
Current densities ranged from 10° amp./cu: at 5 x 10~ sec.
after breakdown to 8 x 1@3 amp./bmf at which value the arc
extingulshed.

A further paper by Bemnebt, In 1932 (21), described breakdown

and cold emlssion experiments. He concluded as a result of/
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of thls investigation, which used & magnetic fleld to deflect
electrons away from the anode region opposite the point cathode,
that the breakdown durlng cold emigsion was due to & stream of
positive ions with high velocity. These were produced by an
initially small electron current strlking the anode.

In the same year (1932) Beams (22), described high vacuum
dlschanrge experiments involving a very high anode fisld and a
very low cathode field. From the voltage at which the discharge
occcurred he deduced that the breakdown phenomenon was initlated
by positive ions from the anode, and suggested that ths source
of the positive ions was alkall lons eddorbed on the tungsten
sunfa.ce.

Gossling (23), described investigationg on high vacuum
breakdown as 1t affected high power tranamitting valves. He
used an oscillatory clrcult as his high voltage supply and
tested actual valves, During the inltlal stages the discharge
had a high but progressively decreasing reasistance, and a certain
asmount of energy had to be available in the supply condenser
be fore breakdown could be completed. When the breakdown was
artificilally encouraged by a pilot discharge across loose
contacts, it was found that the Initial expenditure of energy
was no longer required and the "flashing voltage" could be very
low. It was observed that fisld emigsion up to a few hundred
ﬁicroamperes had little, if any, effect on the breakdown. The
initial trensition stage of the discharge lasted for 2 x 16=7sec.
to 4 X lﬂ-vsec. which is in good agreement with Snoddy's (20)

-7
figure of 5 x 10 gec.
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The time of flight of positive lons for the system was about
10-7seccnd.

A valve would sometimes break down a few minutes after the
application of the voltage, and such time lags were sensitive
to voltage. A three per cent increase of potentiel decreased
the time lag approximately in the ratio 10 to 1. The fleld
emission current persisted if s series resistance of about one
megohm was connected close to the tube, whereas the !'flasgh arc!
was elther suppressed entirely or considerably reduced.
gossling suggested that the discharge might be due to large
field emisslon currents from points produced by some form of
surface rupture under the influence of the applied fields. This
theory is attractive since such ylielding remires time,(24, 25.)

It was elso suggested thet i1f .a fleld emission current above
8 critical value gave rise to a breakdown, and the current was
required to exist for only a very short time, an explanation
might be found on the basls of the Schrot effect (26, 27).

This effect, sometimes known as the Schottky effect, 1s a rapid
fluctuation in field emisaion current eXpefienced in valves.

In 1933, Van Atta, Von de Graaf and Barton (28), suggested
that the breakdown within their high voltage discharge tube,
which operated at 300KV, was due to ionisgtlion at the electrode
surfaces caused by the impacts of ions, electrons, and photons.

They proposed that if
1 electron on the ancde produces A. positive long,

1 electron on the anode produces C. photons,

1l positive lon on the cathode produces B. electrons,

1 photon on the cathode produces D. electrons,
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then there is Pbreakdown if AB+(CD=1. It was suggested that
breakdown by such mechanisms could be eliminated by screening
the eslectrodes with grids at such a potentlal as to trap the
secondary electrons and ions.

In a letter to the Physical Review, Mebs (29) described
some breakdown studies to determine the effect of seriles
registance. He used extremely fine outgassed polnts of
tungsten for his cathode, and found that when a serles resist-
ance of l.8 X mims used, a typlcal breakdown occurred, but
no rupture of the point could be found afterwards using =a
microscope. Vhen 2 X IGSuwas used, rupture of the point
oceurred at the same value of current, and the deformation of
the cathode was easlly seen. Emission could not be produced
from copper cathodes without severe rupture when a resistance
of lasohms was used, but when a resistance of lagohms was used
no rupture could be found. "Hence it is proven that breakdown
due to disruption of the cathode surface 1s not produced by
the slectric stresses due to the field, but instead is a
function of the current.”

In 1934, Beamg (30) described experiments on the impulse
breakdown between a spherical steel anode and a mercury plane
cathode. The field at the cathode when breakdown occurred
varied between 65KV/mm. and 180XV/mm., depending on the purity
of the mercury pool. In 2ll cases the value of the field fonr
the discharge wag critical (i.e. a few per cent change in field
caused a change from no discharge to violent discharge).

A rotating mirvor photograph at breakdown showed luminosity
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starting at the anode and reaching the cathode 2 x 1@-7seconds
later. He found that allowing dry nitrogen or hydrogen, at
about 1l0mm. of mercury pressure, to come in contact with the
mercury cathode for a few minutes had no appreciable effect on
the discharge potential. Water vapour or impurlities such as
grease vapours lowered the discharge potential markedly. He
esbtimated that the current density to start the discharge wag
about one amperse per square centimetre.

In the same year Chambers (31), described breakdowns betwseen
concentrlc cylinders. The tungsten wire cathode was well
condltioned by heat treatment, eand cuwrents as small as 19-11
amperes could be recordad. Current first flowed at approxl-
mately 10-4 amperes- that is, breakdown occurred before measurs-
able field emigzsion current was obtalned. Foun dlfferent wire
cathodes were used in the experiments « two of Qe5mm. diameter
and two of l.6mm. diameter. The breakdownsafter heat treatment
all occurred wlthin 107 of the average voltages stated for the
different wires, and also for different occasions with the same
wire.

The average values were,

G.5mm. diameter wire - 11,000 volts{260KV/mmeat the wire

surface)

1.6mms " " . 23,000 volts(210KV/um at the wire

surface)

It vas not known whether rupture at breakdown was caused by
slectrostatic forces at the surface of the wire or by bombard-

ment of the cathode by positive ioms. These ions might be
produced by the ionisation of the residual gas in the space



between the electrodes, or by electrons striking the anode.
In either case, the electrons would have %o originate as cold
emission from thae cathodes. If the field necessary for this
cold emission was obteined by means of small projections on the
gsurface of the wire, then a layer of vapour adsorbe@ on the wire
surface would tend to smooth over theéa projections, and mke
the potential necessary for the breakdowns very much larger.
Consequently, mercuyy vapour was allowed to enter the tube by
removing the liquid air from the cold trap. After the traep
had attained room temperature the liquld air was replaced, and
the system left to stand untll the pressure was again down to
10~ "mm. of mercury. The OG.5mm. wire was used and breakdown
occurred at 10,200 volts, which is In the range of the breakdown
voltage attained with clean wires. Chambers therefore assumed
that the surface was already smooth and the measured field was
very nearly the true field. Silnce the surface was smooth, then
the fact that the breakdown occurred in the neighbourhood of one
particular polnt was explained by the concentration of the
origin of the positive lons. He thought 1t easier to concelve
of the anode giving off lons from one preferential apea than
residual gas ionising in one preferential volume, and therefore
concluded that the positive lons were produced at the anode by
slectron lmpacte. If the breakdown had been caused by electro-
static forces it would have occurred at a much lower voliage
with mercury on the wire than when clean.

There was no breakdown at 25,000 volts with the Q.Sm.wire

-11o

(a cathode field of 600KV/mm.) when a resistance of 8 x 10 hmg
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was put in series with the electrode system. The resgistance
was then successively reduced by factors of three, and on each
occasion the voltage taken up to 25,000 volts wlthout breakdown.
Finally, when the reslistance was reduced to 3 X logohms, the
breakdown occurred at 11,500 volts (a cathode fileld of 270KV/mm. ).
The limits between which the breakdown began to cccur were
2¢5 X logohms and 7 x logohms.

Further evidence that the ions causing the breakdown cous
from the anode was glven by the following experiment. By means
of an induction furnace the cylinder was heated bright red for
1 hour. No breakdomn occurred when the voltage was then raised
to 25,000 volts (0.5mm. wire). Aftern several hours the breake
down occurred at 11,000 volts. Langmulr had shown that a
surfacs layer of adsorbed gas forms on a clean tungsten surface
in about 1 hour at 10 mm. of mercury. From this it appeared
that the presence of adsorbed gas on the anode 1ls necessary
before breakdown can accur.

The following mechanlism was suggested to explain the break-
down phenomenon. The hsating of the wilre smooths the wire to
such an extent that measurable currents duwe to cold emission do
not flow. However, elesctron currents below the limits of the
measuring apparatus do flowe A certain number of positlive lons
are formed for sach electron striking the anode. The positive
ions so formed are accelerated through the potential difference
and bombard the cathode. When the potential and the number of
ions are both large enough a rupture of the cathode occurs.

Since the binding of the atoms of the adsorbed gas 1s mmuch less
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than the binding of the atoms of the anocde itself, it seemed
natural fo assume that the ionisation coefficlent is larger
when an édsorbed layer is present than when the metal is clean.
Such a view explained the increased ease of rupture in the case
of an adsorbed film of gas.

In 1935, Anderson (32) described experiments on the breakdown
between sphere and disc electrodes at a pressure of approximately
y@"Smm. of mercury. He found that the most effectlve means of
conditioning was to run a dlscharge in hydrogen between the two

2 for

electrodes at a current density of about 0.25 amp./cm.
three minutes. The voltage source was an electrostatic generator
but 1t was found that sparking with a more powerful socurce gave
similar brealkdown voltages which were, however, accompanied by
serious surface roughening. Regsults were usually reproducible

to within a few per cent, bubt the lower portion of the B.D. -gap
curve would be found to have shilfted somewhat as a consequencs

of the electrode treatment represented by the higher voliage
spark-overs. He found that althougzh the curve of breakdown
voltage to gap was approximately linear over the inltial reglon
below one millimetre, there was a very definite flattening above
this spacing which he called the "Total Voltage Effect" and
attributed to positive lons (see graph 1).

He found that a formuls

v _ 59 d. .
= &g KV (4 in cm.)

held approximately for the breakdown voltage and his filgures for

lmm. gapg for variouns materials were -
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Material Breakdown Voltage (KV) for lmm. gap.
Steel 122
Stainless Steel 120
Nickel 96
Monel 60
Aluminium 41
Copper 37

If a steel cathode and a copper anode were used, and a
voltage neayr the breakdown value applied, traces of copper
would be found on the cathode, and the gap thereafter exhibited
the characteristics of a copper gap.

Anderson congidered that this showed that poslitive ions
crossed the gap and the importance of the anode material. To
determine what proportion of the total conduction was attribut-
able to positive iong, Anderson used two spherical electrodes =
one hollow and thermally insulated, and the other solid and in
good thermal contact with a heavy mebtal mass. The rate of rise
of temperature of the hollow shell as anode was several hundred
times that ag cathode, indicating that only a small fraction of
the total conduction was directly due to the positive ions.

Quarles published a paper (33), in 1935, on the field emlssion
from liquid mercury. He dsscribed lmpulse breakdown tests up
to 85KV between a spherical molybdenum anode and a mercury .
cathode - the purlty of the mercury could be varisd by repeated
distillation. The work functiqn at each mercury surface

condition was measured directly, and a graph of breakdown field



to work function was found to be linear with a slight scatter.
In a paper (34) in 1936, Ahearn described experiments using
a coaxial system which gave high fields wlth comparatively low
voltages (<30KV). He found that the degree of thoriation
and temperature of the cathode had no appreciable effect on the
breakdovm voltage. To determine if the breakdown could be
induced by the field alone, the voltage was applied wilth the
filament as anode, and no breakdown was obbtalned at cathode
flelds greater than normal. This seemed to show that the
emigslon of current was an important feature. Ahearn found
that breakdown could be suppressed by having a high reslstance
in series wlth the anode -~ breakdown occurred with 1.0 x 105ohm3
in ser¥® 3 but not with 1.0 x 108 ohms » One sectlon of the
anode was shielded and the other part 'conditioned'! by breakw-
aowns » The shielding was then reversed, and it was found that
the breakdown voltage was actually greater for the previously
shielded sectlion, which seemed to rule out the anode as a
determining factor. By using a movable concentric glass
cylinder it was found that exposed glags had a conglderable
bearing on the breakdown voltage. At breakdown the current
would increase from less than 10~° amperes to greater than 1¢
amperes and the cathode breakdown gradient would be from 10OKV/mm
- 200KV/mm. Ahearn stated that the evidence from these
experiments indlcated that the breakdown is determined primarily
by conditions at the cathode, and suggested that the experiments
of Bennett which showed an anode effect were confused due to

exposed glass. He then proposed the following mechanism for
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breakdown. Prior to breakdown, field currents flow from a Pow
of the surface projections where the local fleld and the
mechanical force are greatest, There will bhe local reslstive
heating which will depend upon the size and geometry of these
projections and their thermal contact with the body of the
cathode., As the fleld is inpreased, a rupture occurs at that
projection where conditions of mechanical force, resistive
hea ting and tensile strength are most fafourable. When the |
rupture occurs, a large breakdown current flows due to the great-
1ly enhanced local field strsngth, and gubsequently at lower
macroscopic gradients much larger field currents are obtalned.

Moore (35), in 1936, described impulse breakdown studies
using a spherical anods and s mercury cathods. He obtalned
cathode breakdown gradient - work function curves simllar to
those of Quarles (33), (ieee linear and with the same slope) and
extended them to higher cathode fleld strengths (60KV/mm.).
It wvas found that the breakdown potentials were consgistently
higher {about 4 or 5% on average) if the wave front of the
impulse was made steeper, and it 1s mentioned that Snoddy in
some umpublished work found a simllar increase for solld cathodes.
This was accounted for by the finite tlme necessary to initiate
a vacuum discharge. The impulse wave fronts were of the order
10" second.

Mason (36), in 1937, described vacuum breakdown expevinents
at up to HOKV between a copper disc anode and a tungsten
filanent cathode in the form of a gsemlcircle, the plane of which

wa.s perpendicular to the copper disc. He found that breakdown
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took place at approximately the same value of cathode gradient
(60KV/mm.) for different spacings and wlth different thermionic
emlssion currents. He considered that if positive lons were
of importance in the breakdown process, a mechanism such ag ¥&2>|
would hold at breakdown where
Y 1is the number of positive ilons produced per elsctiron

strilking the anode,
d 1s the number of electrons produced per positive lon

striking the cathode.
Mason considered that if such a relationship was valid, an
increase in the thermionic emission should decrease the break-
down voltage. He stated that as thls was not so, positive lons
did not play a part in the breakdown process. The experiments
do not, however, seem to Jjustify such a concluslve statemente.
Vacuum breakdown 1la a very local phenomenon and a relationship
such as yd {1z required only to hold locally. Increasing the
electron yield from the cathode generally by thermionic emlssion
might qulte concelvably have little effect locally, and the
increase in temperature might even smooth a local projection or
drive off an impurity, so giving a higher brealdown voltage.
It is of interest to note that Mason dld actually find a slight-
ly higher breakdown voltage with the cathode hot. Some impulse
breakdown experiments on sluminium electrodes with a wave whilch
rose to a 60KV crest in 1.5 micro seconds gave much highsr
breakdown figures than with dlrect voltage. It was suggested
that this was due to the time lag caused by the finite tlme

requlred for the passage of vapour across the gap.
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In 1944, Jin Imachi (37), described experiments which showed
that breakdown was more afféected by the material of the anode
than that of the cathode. Any coﬁducting or nonconducting
projectlon on the surface of the electrodes, particularly on the
anode, caused breakdown at a lower voltage. The breakdown
voltage was lowered when lons, but not electrons, were made to
enten the gap from outside. Hence he deduced that the vacuum
breakdown was malnly dus to positive lons produced at the anode
by electron impact.

Hashimoto (38) published a paper in 1947 giving results
obtained with a point to plane electrode system which was tested
with lmpulse voltages up o 100KV, and at a pressure of 10" mm.
of mercury. The breakdown voltages obtalned were approximately
the same whether the electrodes were nickel point and nickel
plete or molybdenum point and brass plate. A much lower breake
down voltage was obtained wlth the point negative than with it
positive. The geometry of the point is not given. The dis«~
charge voltage appeared to depend on the characteristics of the
negative electrode. Hashimoto suggested that breskdown was
caused by bombardment of the anode by fleld emisslon electrons
which melt the metal or lonise the gas molecules adsorbed on the
sur face. Pictures were given showing the figures produced on
the plate surface, but they are rather intricate and difficult
to analyse.

Omne of the major works on high vacuum breakdown 1s that of
Trump and van de Graaf (39) in 1947. They describe direct

voltage breakdown studies between sphere and disc electrodes in
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high vacuum and at voltages from 50 to 7060 KV. These experiments
demonstrated the lnadequacy of the field emission theory to
account for the hlgher voltage breakdown. Trump and van ds

Graaf considered the fact well establishasd that voltage breakdown
between electrodes in high vacuum at hlgh gradients, but relat-
ively low voltages 1s initiated by high fleld emission. Thig
emigsion increases exponentlally with cathode gradient, and
results in local temperature increases and enhanced secondary
effects, which lead to instability. They produced flgures which
showed gulite definltely that this fleld emlssion could not account
for breakdown at higher voltages, where the gradient is very much
lower. Their figures showed that the cathods gradient at breske
down (with voltages higher than approximately 5S¢ XV) decreases

as voltage increases. This is shown on thelr curve of breakdown
voltage and gradient to gap spacing (graph 2}). They reiterated
the bresakdown mechanism proposed by van Atfa, ven de Graaf and
Barton ln 1933. (Page 1G). Trump and van de Graaf described
experiments to measure ccefficients A and B under conditions whlch
were not, however, quite as stringent as in an actual gap.
Although the particle velocities were commensurate with the high
vacuum gap condition, the field at the secondary emitbing surface
was note Bearing this in mind it appeared poasible that such a
mechanlism could play a part in vacuum breakdown at the higher
voltages. Experiments were being considered to measure
coefficient B under actual gap conditions and also the photon

process mechanisms C and D.



-l .

In 1948, McKibben and Beauchamp (40), deseribed expeoriments
connected with a 12 Mev. accelerator  tube. They considered
that photons need not bs conslidered in any proposed breakdown
mechanism since it was noted that sparks tock place between a
small spot on the cathode and another on the anode. They
mentioned that Haynes (41), had shown that partially ionised
vapour jets came from a mercury electrode whether it was positive
or negative, and that the slgn of the liona was the same as the
elecirods. McKibben and Beauchamp proposed a mechanism of a
similar nature to that of Van Atta et al (28), but excluding the
photon process and 1lncluding a negative ion process. If

1 electron on the anode produces A positive lons,

1 positive lon on the cathods produces B slectrons,

1 positive ion on the cathode produces C negative lons,

1 negative ion an the anode produces D positive long,
then breakdown occurs 1f AB+ CD>1.

They observed that jets came from the anode and wers deposited
as fine droplets fused on to the cathode, and it seemed likely
to them that for gparking between mogt metals the AB mechanism
was dominant. It had also been obgerved that the presence of
almost any gas up to approximately 50 per cent of the pressure
at which continuous dlscharge took place, increased the sparking
potential. They suggested that the electrons might be scattered
so that local heating of a segsitive area on the anode did not
take place so readily.

They mentioned the facts that Rother (42), who used well

outgassed tantalum elsctrodes, was able to observe fleld emisslon
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currents up to gradients of 850KV/mm. and 620XKV/rm. for gaps of
«005mm. and «02mn. respectively. Also, Trump et al (39), found
that the approximate breakdown gradlents for gaps of Q.lmm. and
Tom . were respectively 300KV/mm. and 10KV/mm.  McKibben and
Beauchamp found that figumes such as these could not e obtained
with parallel plane electrodes which had not been extensively
conditioned. With gteel elecirodes and a gap of Omm. the first
spark occurred in the range 60-100KV. If the gap voliage wa g
maintained sufficlently high for occasional sparks to occur, it
would be found that after a few hours the gap would withstand
(approximately 1 spark per hour) 110-16@KV. The first spanrks
of the conditioning process released gas from the elsctrodes,
but ag the conditioning continued the bursts of zgas were seen to
be smaller. It was then that a spark was liable to damage the
surface, and they suggested that the releassd gas scattered the
electron beaum, s0 that the spark 4dld not become too concentrated.

The spark frequently damaged the electrodes i1f the gap was
less than aboﬁt 0«25 1nch. The gradient and thus the fleld
emission current were hicher at such short gzaps, and it was also
gsusgested that space charge and scattering had less chance of
spreading the discharge over an area large enough to prevent
damage .

¢f the materials tested, gold had the lowest breakdown
voltage and copper was almogst as bad, Tentalum and molybdenum |
did not seem to be as good as steel. Nickel and stainless steel
geemed to be on a par with steel, or perhaps superior, and

magnesium electrodes were as hard to condition as the others
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and were eaglly damaged. Alumlnium and durael had about the
same breakdown voltage as steel, and were unique in that they
conditioned to their top voltaege in a few minutes when, however,
they were easlly damaged Ey sparks. This listing does not
agree with that of Anderson for gaps of one millimetre. It
would seem from the breakdown figures glven that the condltioning
s incomplete - this being particularly evident at the smaller
gap spacings. The results of McKibben and Beauchamp are given
on graph 3. _ |

In 1951, Glsichauf described experiments on breakdown over
insulators, and mentlong that for copper electrodes and pyrex
glags the arcelike discharge extinguished at a current of
approximtely 1 ampere. No stable discharge was obgarved,
if the resistance in series with the test sample was increased
to keep the maximum current below one ampere. Apparently the
dlischarge takes place wlth a current of one ampere but lasta
for a short time (10™° to 5 x 10~ second). Increasing the
capaclitance of the gap increased the time of discharge, and
iIndicated that the breakdown current was due to the discharging
of the capacltance of the test sémple. Copper ealectrodes were
tested without the insulator at a gap of a few mlllimetres, and
the extingulshing current was found to be gimilar (0.7 td 1le5 ampy
to that when an insulator bridged the gape.

In a later paper (44), Gleichauf mentioned that 1f a thin
laysr of glass was fused to the cathods of a vacuum gap, the
breakdown voltage was lowered by about 257, whersas a fusing on

the anode gave no changs.
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Heard and Tauver (45), in 1952, described a study of the transfer
of anode metal which occura at a voltage below that requlred for
sparking. They used CuB%' as a radioactive tracer. These
experiments were with regard to that part of the breakdown
machanlism proposed by Trump and van de CGraaf which involved the
trans fer of lons from the anode to the cathode. Previous
experiments (39, 46}, had shown that a positive ilon current
floﬁed from the anode to the cathode in the presence of a high
voltage, but there remained the possibility that this was due to
the ionisation of a film of gas on the anode surface. Heard
and Lauer showed that actual anode metal crossed the gap, and
the amount of metal transferred indicated that it elther crossed
uncharged, or as a smll agoregate of atoms, a few of which were
ionlsed. There were indicatlons that spacing and gradient,
rather than the total voltage, were the controlling factors in
the amouwnt transferred.

The current between the electrodes was found to be composed
of a steady and randomly fluctuating component. This latter
component was found to be indspendent of pressure, but dependent
on the total gap voltage and the electrode spacing. These
fluctuations would usually decrease with time and could .not be
used to foretell breakdown. The gap current fluctuation with
time was not understood. The electrodes used in these experi-
ments were not outgassed.

.In the same year (1952) Cranberg (47), presented a paper in

which he proposed that high vacuum breakdown is initisted by a
traversal of the gap by a'clump'! of material which had been



adhering loosely to an electrode.* He gave a surmary of the
literature which supported this conclusion for wnlform or near
uniform, field conditions over a range of voltages from 20 KV.
to 7 V. (graph 4). The proposed hypothesis and supporting data
were ag follows. Loosely adhering material (termed a 'clump'
by Cranberg) can be detached from an slectrode by electrostatic
repulsion. The initiation of breakdown 1s dus to this 'clump'
erosging the gap and striking the other slectrode, where, it can
be shown, local temperatures are produced which are in excess of
any known bolling points. It was assumed that production of
such a condition would lead very quickly to the development of
the full breakdown, bul details of subsequsnt svents were not
given in the paper.

Assume brealkdovn will cccur when the energy W per unlt area
delivered tolthe target electrode exceeds a value C', a constanid
characterlistic of a given pair of electrodes. This quantity
W 1is the product of the gap voltage V and ths charge density on
the clump. The latter is proportional to the field strength
E at the electrode of origin, so that the breakdown criterion
becomes simply"

VE= (,
where C is a product of C', some numeral factors, and possibly
a fleld Intensifying factor due to microscopic field inhomo-
genities In the nelghbourhood of the clump during detachment
from 1ts parent electrode.

For a uniform fleld gap, f==£ and the voltage which the gap

can sustalin 1ls proportional to the square root of the gap length
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for a glven palr of electrodes. That is, V=(Cd.) is the
breakdown criterion.

Cranberg's summary of pertiinent evidence from the 1iterature
is given in the form of a double log plot on graph 4. The
curves are seen to he good straight lines, in general with slope
one half, and typical values for C are about 5MV2 per foot.

This quantity C suffices as a figure for the vacuum insulating
proper tles of the gap, and provides a basis for comparison of
date under different conditions of zap and voltage.

Cranbergs considered that in the case of non-uniform field
ceometry, the relevant data (table 1) was not sufficient for
definite conclusions to be drawn. The fisures secmed consistent
equally with interpretation in terms of cathode gradient, or in
terms of voltage-field product. The values of C were in the
same range as those for uniform field conditions, which seemed
to indicate that it 1s the product of the total voltage and
cathode gradient which controls the beginning of the dlscharge.
Other qualitative measurements indicated that breakdovm with a
hizh gradient at the anode is of the same order as with a high
gradient at the cathode, other things being equal. Cranberg
surgested that the cathode gradient determines the breakdown
voltage unlesg the gradient at the anode is conslderably greater
than that at the cathode. It was stated that certain gqualitat-

ive agpects appeared to suvport this hypothesis.
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(1) Trum
(2) Wm.

rise time, () Tungsten hemispheres 2-inch diameter. out-gassed by spark discharge. (h) Copper hemispheres 2-inch

discharge.
3

and Van de Graaff, (see reference 8) 1-inch sphere steel anode, 2-inch steel disk, outgassed with glow discharge.
rkins, ""Vacuum Sparking Potentials under Surge Conditions.” MDDC 858, 18 February, 1946. Voltage applied in pulses of 3 X107 sec
iameter, out-gassed by spark

anode) .
($) R} %\:nol. British Assoc. Advancement of Science. Report 359 (1924). Molybdenum spheres after heating to 1400°C

(6) J. L. Hayden, Am. Inat. Elec. Engrs. J. 41, 852 (1922). (a)} Mol

spheres L-cm diameter.

7) Los Alamos big Van de Graaff, polished sluminum electrodes.
8) Robinson ¢f al., Phys. Rev. (to be published).
9) 1. G. Trump (private communication on performance of new 12-Mev Van de Graaff machine, polished aluminum electrodes,

10) Los A

lamos small Van de Graaff machine (not limited by tube sparking). steel electrodes.

11) Wisconsin Van de Graaff machine (not limited by tube sparking). steel electrodes.

Graph 4 //?e/.’é 7/

J. L. McKibben and R. K. Beauchamp. *'Insulation-Flashover Teats in Vacuum and Pressure.” AECD 2039, (a) Flat aluminum. (b) Flat coid-rolled
steel. (¢) Van de Graaff test -section 4} inches long. aluminum rings sandwiched between Mykroy rings, steel anode plate, negative end open 10 vacuum
syatem in simulation of operation as beam tube, results on three test-sections.

(4) Gleichaul (see reference 12), () Kovar cathode, [8-8 st. steel anode, flat with rounded ends. (b) Copper, flat, with rounded ends (hole in center of

ybdenum spheres 1-cm diameter out-gassed to red heat, polished. (b) Molybdenum

o INTEINTTON ©F ELECTRICAL BRESKDQOQWN IN MACUTM 521
TasLe 1.
Ecathode VEcathode
Electrode 1 104
Relerence Conattietry Anode Cathode 4reatment V(100 volis) volts Tt volts?/it

C. C. Chambers ( ylindrical ~ Nickel 0.5 Mil tungsten Wire heated to 0.0114109, 78 0.86

. Franklin Inst. 2800°K for 30 min.

18, 463 (1934) 1.6 Mi] tungsten Cylinder heated to  0.023+109%, 60 1.30

dull red heat
for 5 min.
A. J. Ahearn, t vlindrical 2 em Thoriated W 1.0 Mil 0.017 o) 1.0
reference 6 and diam Thoriated W 1.0 Mil 0.024 78 1.9
Phys. Rev 44 277 nickel Pure W 0.6 Mil 0.015 84 1.3
(1933 Pure W 1 Mil 0.023 8t 1.9
R. C. Mason, Line-plane  2"-diam. 28 mil tungsten wire Everythin( baked  0.035 18 0.63
Phys. Rev. 82, 126 Cu disk in 1”-diameter seimi- out to 500°C '
(1937 circle
K. Hashumoto, Pont-plane  Nickel| : i Conditioned by 0.030 -
seboiis 15 Plane { Nickel point Siacking 0.090}‘0" 1 mm separation
;(;f::l Nickel plane

Table 2 (Ref 4 7)
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The conditioning process, which reqires the gap to be maintained
at & high voltage with, or without, sparking, can be explained
by considering that the most loosely adhering mterial is
detached from its parent elecirode, accelerated across the gap,
and firmly embedded on the opposite electrode, The fact that
the gap may breakdown after withstanding the applied voltage
for minutes or hours seemed consistent with a hypothesis having
the discharpe iInitlated by a single event. The difficulty of
reproducing the breakdown voltage is also in agreement with the
general character of the mechanlsm.

In 1953, Leader (48) described experimenta on the breakdown
between spheres, and between sphere and point electrodes. He
conditioned his electrodes by hlgh voltage breakdowns, until a
stable end point was reached, and the highest value attained
was.taken as the breakdown voltage. His results using direct
voltages were erratlc. Individual values of breakdown voltage
were somebimes 257 above, or below, the average for a large
number of tests. As the voltage was increased, the pre-
breakdown current increased, and it was difficult to determine
the breakdown point.

Impulse voltages (1.5/70 microsec. waveshape) up to B5KV.
were appllied between elecircdes and the values of breakdown
voltage obtsined were reproducible to within % 74.  Leader does
not define the value he took as the breakdown voltage, or
describe his test procedure, but it is probable that the impulse
voltage was railsed incrementelly until a discharge occurred. |
The peak value of the impulse wave would be taken as the break-

down voltage.
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The point at which sparking commenced and ceagsed was well
deflned, and the sparks were clearly visible.

The results obtained by Leader for various fofms of steel
electrodes are shown on graph 5. He based his reasons for the
higher breakdown voltage with the sharper eleétrodes, on the
theories of Trump and van de Graaf (39). He suggested that the
smell area of a point electrode mlght cause photons, positive
ions, and to a lesser extent electrons, from the opposlite
glectrode, to pass the extremity of the point wilthout striking.
A voltage higher than that which would cause breakdown between
two spheres would be necessary for the process to beacome
cumila tive.

Oscillograms of the impulse breakdown of sphere gaps showed
that the brealkdown occurs in approximately C.l2 microseconds,
which 1s 1n agresment with the results of Gossling {23) and
Snoddy (20). The osclllograms showed that the discharge
extinguished at currents of about (25 amperes. This is in
falr agreement with Gleichauf's values of @Ge7 to le5 amperes for
copper electrodes. A complete breakdown would not occun if
the limiting resistor was made larze enocugh to prevent a current
of Qe25 amperes from flowing. Leader found that under such
conditiong of high limiting resistor, the current osclllogram
would take the form of a relaxation oscillation which represent-
ed the repeated discharge of the gap capacitance, He suggested
that the difficulties sxperienced by previous experimenters who
used decs could be due to their serles resistance being too high
- the resulting oscillation would give an integrated reading

on a galvanamster.
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(i) Sphere and finely tapercd needle.
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ta) Wire positive
(h)Y Wire negative

Graph 5 (Ref 48)
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In February 1953, Dyke and Trolan ( 4) described field emission
gtudies on single crystal, tuncsten 'needles'!, the ssometries

of which were determined by electron microscopy. The experiments
were carried out in a vacuuin of the order of 10-12mmiﬁ.using a
needle cathode and plate anode, both of which were well outgassed.
The voltage was applied in micro-second pulses. The results
verified the theoretical wave mechanics equation for field
emisslon, with indications that the field emission was being
space charge limited at the higher current densities.

Table 1L shows the current densities just before breakdown (Jx)

and the voltage at breakdown ( V max.)
TABLE 1T
Emitter Nos  Jx ampfewd V MaX.KV. Fma.KVmm Veax* Fmax

77

X 89 2 x 10 6e9 8,820 60.9 x 1031':v2/m.
Vs 3 2

% 83 3 x 10 6e9 10,100 69.6 x 10 KV /em.
8 5. 2

N 10 2 x 10 32.1 12,800 410.0 x 10 KV /e
7 3 2

Q 7 6 x 10 4,75 9,250 440 x 10 KV /em.

Dyke and Trolan sugcested that the maximun current densities
were in sufficient agreement to indicate that the current
density was the most important variable in a determination of
the breakdowvmn point. If, however, the maximum cathode gradient
at breakdown is calculated from their results, the figures shown
in colunm four are obtained. They seem to be in much closer
agreement than the current densities. The product of the
applied voltage and the maximum cathode gradient (see Cranberg

(47) ) is given in colum five. It was suczeated that the




breakdown results fram increased emitter temperature due to a
current density dependent mechanism accompanying the emission
process. Pogsible mechanisms which could have producsed the
required heating are resistive heating and the Nottingham
mechanism (49). A gsolution for the adiabatic case applied to
the emitters ( the voltage was applied in single micro second

pulses) showed resistive heating giving excessive emitter
2

~

tempera tures when J==107amp./cm. g
It was seen from oscillograms that at formation of the arc
the current increased by two orders of magnitude in 5 x 10-8330.
The authors conslidered that in view of the pulse nature of

the voltage and transit time considerations, 1t was unlikely
that the breakdown was initiated by lons or clusters liberated
at the anode.

In the September of the same year, Dyke, Trolan, lartin and
Barbour (50, 51), published further information on the break-
down studies just described (4}). Thls showed conclusively
that the vacuum arc in their experiments was inltiated at a
critical value of the field current density (about 1@3amperes/hnﬁ
They were able to compute the current dengities necessary to
give (by resistive heating) a temperature of 3000°K on the
cathode in the time of duration of the applied voltage.

Table 11). shows how well the experimental(Jx) and calculated
(dJr) current densities corresponded. Dyke et al found that
they could predict that breakdown was about to occur by noting

a 'tilt' in the current pulse. That is, the emission current

increased noticeably over the short period{usuvally micro second)
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for which the voltage was applied. This was due to the high

temperatures developed at the emitting polnt.

TABLE 111

Emitter. Jdx. Jdr. V max.(XKV). Pulse Duration

SMP fem? P [ rr* (10 ¥ second) .
o 38 6 x10' | 7 x10 9.2 1
X 62 tx107 2.0 x10 | 8.8 0.5
X 624 3 x 107 [ 2.5 x 10° | 60.1 1
g 1 £ x10" |71 x 10 4e9 1
q 29 7 x 16" 744 x 107 | 14.2 1
0 54 [ 3% 10° [2.7 x 108 16+1 1
2 x 4 5 x 10 |5.8 x 107 | 13.5 | 1

g
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The following mechanisms have been suggested to account for
high vacuum breakdown. Some (a & b) were proposed to explain
breakdown at low voltages and high surface gradients, and others
(c & d) to explain breakdown at high voltages and comparatively
low surface gradients. Cranberg's theory (e), it was suggested,
is general.

() (23) The dlscharge is due to large field emission
currents from points produced by some form of surface rupture
under the influence of applied fields.

(34, 48) Prior to breakdown, field currents flow from the
sur face projections where the local field and the mechanical
force are greatest. Dependling on the size and geometry of these
projections and their thermal contact with the body of the
cathode, there 1s local resistive heating. As the fleld 1is
increased, a rupture occurs at that projection where conditions
of mechanical force, resistive heating, and tensile strength
are most favourable. Brealdown occurse.

(b) (31) A certain number of positive ions are formed for
each electron striking the anode. These ions are accelerated
towards and bombard the cathodee. When the potential and the
number of ions are both large enough, a rupture of the cathode
oceurs.

(e) (28, 39). Breakdown occurs when AC+BD =1 where the
co-efficients A,B,C and D are as specified on page 10

(d) (40). Breakdown occurs when AB+CD =1 where the

coefficient A,B,C and D are ag specified on page 22
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(e) (47). Cranberg's 'Clump' Theory (page 26). Breakdo¥n
occurs when VE =C, which gives for uniform fields Vé(Cd.)E.

If mechanism (a) alone determined the breakdown point, the
anode condition would have no effect on the breakdown voltage.
Gf the experimenters who investigated the effect of the anode,
only Ahearn (34), and Gleichauf (44), found it had no effect,
whille the work of Bemnnett (19, 21), Beams (22), Chambers (31},
Anderson (32), Imachi (37) and Heard et al (45), indicated that
it had. The experiments of Anderson (32) and Trump et al (39)
which showed the total voltage effect, indicate conclusively
that thls process can not alone account for the breakdown at
high voltages (> 50KV).

The mechanisms (b), (c), (d), and (e) are consistent with
the anode condition affecting the breakdown voltage and with
the phenomenon of anode metal transfer prior to breakdown.
Measurements in recent years (39, 46, 52) on the coefflcients
involved in (c) have indicated that they are not large enough
to account for breakdown. Measurements under breakdown
conditions have not, as far as is known, been made on the
necative ion emission coefficients involved in (d).

The curves given by Cranberg (ficure 4) glve strong support
to his theory of breakdown under uniform field conditions,
particularly at voltages above about SOKV. Undex non uniform
field conditions the evidence is not conclusive.

The experiments of Chambers (31), which would appear to be

I

the classic breakdown study on coaxial systems, do not positively

confirm this theory, although the anode condltion definitely

affects the value of the breakdown voltage. The mechanism
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proposed by Chambers (page 14), which is a combination of (a)
and (b), seems a more likely cause of breakdown. The experi-
ments of Dyke and Trolan showed that the emission of current
from a point could alone cause breakdown by resistive heating,
but the nature of thelr experiments (microsecond voltage pulses)
was such as to eliminate the other possible causes whilch would
depend on the anode. As they state - "In view of the requlred
rate of lon delivery, the excellence of the vacuum, and transit
time considerations, it is unlikely that the present breakdown
was inltiated by ilons or clusters liberated at the anode."

From thls survey it seems probable that the following
mechanlsm causes breakdown at comparatively low potentials
(£ BGXV.) and high surface cradlents if the positive ion trangit
time is short compared with the time of duration of the voltage.
As the pgap voltasge 1ls increased, electrons are emitted from a
projection, and there 1s local heating due to the high current
density. These electrons cross the smp, strike the anode, and
produce by secondary emission, ions which are accelerated towards
the cathode and bombard the projsction, giving further heating.
Breakdown thus occurs at a lower current density and hence a
lower surface gradient at the cathode, than that necessary in
the experiments of Dyke and Trolan. (Their cathode breakdown
gradient was 822 - 1,280 KV/mm,) The extent to which the spark
potential depends on the current density will be determined by
the number of positive ions produced by the electron stream.
Thls will be szreatly influenced by the condition of the anode
surface. (Chambers found no breakdown at a gradient of

600 XKV/mm. on his 'heat smoothed' cathode after outcassing his
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anode = thls figure is just below the lowest breakdown gradient
obtained from Dyke and Trolan's figures.)

Consider now the two experimenters who found no anode effect.
Ahearn's method of 'conditioning' the anode was by causing a few
breakdowns to occur (page 17). It is possible that only a small
fraction of the anode surface would be outsassed in this way,
whereas the cathode would probably be conditioned by removal
of projections. The fact that a slightly higher breakdown
voltage was obtained when the previously shielded part of the
anode was rotated into position, bears out thls suppositiome.
Gleichauf found that fusing a film of glass on the anode did
not affect his brealkkdown voltage. This 1s not incompatible
with the proposed mechanism if the emlssion of positive lons
is laregely determined by the adsorbed gas ( as is supported by

outeassing experiments) rather than by the actual anode material.
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2« Bquipment.

2¢1le The Vacuum Systen.

The vacuum system was of metal construction apart from the
pyrex bell jar (fig. 1). Vacuum tight jointing was effected
at the points marked by Gaco !'O!' rings, and at the bell jar base
by a neoprene 'L' gasket. T™e heavy, metal base on which the
bell jar sat had four Edwards bushings fitted (two rated 15 KV.,
100 amperes and two rated 7 KV., 15 amperes), and a sealed screw
in the top of the jar carried the hizh voltage supply into the
vacuum chamber . lMotion was transmitted through the vacuum wall
by means of simply constructed Wilson seals which are shown on
figure 2.

The pressure in the system was mweasured by a thermocouple
puage and an ionisation guage incorporated as shown on figure 1.

3

The cuage ranges were respectively 1 nme. of Hze to 107™“mm. of

Hge and 10-3mm. of Hre to 8 % 1@’7mm. of Hg.

2.2+ Provisions for Conditioning.

Tacilities were required for

(a) running a discharge between the electrodes in a hydrogen

atmosphere and

(P) heating the electrodes strongly in a high vacuuum.

The hydrogen discharge was provided for by a needle, leak
valve (B) in the system as shown in figure 1. When it was
necessary to fill the bell jar with hydrogen, the vacuum system
was pumped to the minimum rotary pump pressure (about 16~ .
of Hz.), the valve A closed, and hydrogen injected at valve B.

FPacilities for induction heating the electrodes were provided
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by having work coil C (fige 1) conmnected by heavy, braided

copper to the larger bushinzs in the bell jar base. The support
for the coll was racked at its lower end, and could be driven
up, or down, by a pinion which was rotated by a spindle throush

a Wilson seal. In this way the coil could be removed from the
vicinity of the gap after heating.

Consideration of the induction heating problem showed that,
with the oscillator components available and with fixed matching,
the hichest attainable temperature for steel electrodes was the
Curie point (avproximately 80000 - a bright red heat}). In the
case of other electrode materials it was proposed to use
mazgnetic cores. A circuit diagram of the 0.,5iW. induction
heating equipment which was designed is shown on figure 3.

With the electrodes at a red heat il was necessary to have
the supports water cooled, or of such a form as to prevent
excessive heat flow to other parts of the equipment. Thermally
insulating supports were adopted, since the power then reauired
to heat the elecimwdes was much smaller. T™e supports were
mede of thin walled steel tube (< §.008") which zave the

required low rate of heat flow.
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2¢ 5. The Hlectrode Systei.

The geometry of the disc type electrodes used is shown on
ficure 4. This proved a suitable gshape for high vacuum break-
down studies, since for all practical purposes the field at the
centre was uniform, althoush the area to be conditioned was smll,
No edge effects were experlenced. The electrode metals were
analysed and the following figures obtained.

Steel - Fe. 99.518%., Mn. 0.380%., G. 0.052%.,

Copper- Cu. 99.57., impurities unimown.

Aluminium - A1, 99.64%., Si. 0.23%., Fe. 0.17., Cu. 0.03%.,

Mse OF

The bottom electrode could be moved vertically by a
micrometer whilch was operated by a drive through a Wilgon seal.
When the electrodes touched they completed a temporary electrical
circult comprised of a 4 volt battery in series with a bulb.
{Rother (42) found that zeroing his gap in this way did not
adversely affect the electrode surfaceg). To set the gap, the
bottom electrode was raised until 1t touched the top electrode
and the micrometer reading noted. The bottom electrode was
then lowered and the micrometer set to give the desired gape.

The micrometer could be read to within = 0.,0001".
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3¢ A.Ce. Breakdown Tests.

3 1o A.Cs Equipment.

The hish voltage circuit is shown in fisure 5. The polarity
indicator (fipure 6) 1s a modified form of that given in
reference 53 with the resistors (RP ) increased to make it more
sensitive, and the relay (Lz) ineluded to cpen the primary
circult of the hisgh tension transformer when the zap broke down.,
As was expected, it was discovered that there was no polarity
effect and the main use of the indlcator was in de-snergising
the circult at breakdown. The current necegsary to trip the
polarity indicator was determined by the values of R, and Ry
and could be as small as 800 microamperes. The cathode-ray
oscillograph was used for the measurement of pre breakdown
current.

The peak voltmeter, which used negsatively biassed triodes
to prevent circulating current, 1s shown on figure 7. The
voltmeter was checked against another which was accurate to
within 0.27. The other ingtrument was developed in this
depar tnent by ir. J. liathews. The voltage figures corresponded
to within 0.757, which indicated thal the peak voltmeter used
in the present work was accurate to withinz 17. Often when
it was not suitable to watch the milliamnreter congtantly, the
reading on the primary voltmeter would be taken afiter breakdown.
A calibration curve of milliammeter Lo primary volimeter
readins showed a miximua deviation of 3% from the mean, with

the vast majority of readings well within this limit. A

few check readings on the milliamueter would be taken in each
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test in which the primary voltmeter readings were belng used as
the voltage indication. The peak voltage is given by the
relation g*E%E} and 1t is necessary to know accurately the supply
frequency. This was measured by putiing the supply voltage
acrogs the X plates of a Cathode-ray osclllograph, and a signal
from the contacts of variable frequency tuning fork across the

Y plates. The fork frequency was adjusted to glve a stationary
picture on the screen, and the supply frequency was thus known

to the accuracy of the fork frequency, namely* 0.2%.

Gas gaps were placed across the peak voltmeter and polarity

indicator for surge protection at breakdown.
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3¢ 2« The Breakdown between Steel HElectrodeas.

Se 2e¢ 1le The Current-Voltage Characteristic of a Vacuum Gape.

When an alternating vclbtage 1s applied across a vacuum gap,
the current which flows will, in general, have a wave form as
shown on plate 1l A field emission current, which is in phase
with the voltage across the gap, is superimposed on the
capacitance current. The value of this emission current depends
on the metal, degree of adsorption, and to a greater extent, on
the rouchness of the cathode.

Graph 6 shows a curve of peak current to applied voltage for
unconditioned steel electrodes which had been rouchened very
considerably by many breakdowns. Portion A B represents the
capacltance current peak and B C the field emission current peak.
At some point (C), a discontinuity occurs and the current
increases to a much larger value which is determined by the
circult conditions. This point C is defined as the breakdown
point. Section B C of the curve is governed largely by the
empirical field emission law (p.l), as is shown by the graph
log I -K% on the same sheet. The emission current 1s negligible
compared with the capacltance current if the cathode surface is
smooth, and there is no apparent irregularity on the sine wave.
Breakdown then occurs on section A B of the curve.

During the experiments observations were discontinued and
the electrodes resurfaced if the field emission current peak
much exceeded the capacitance current peak. That is, the

current was always less than 50 microamperes.






3¢ Be 2« The Determination of the Best liethod of Conditioninge.

Metals in their normal state have adsorbed on their surfaces
conslderable quantitles of gas. This gas has to be removed
before the emission characteristics of the actual metal can be
obtained. If the metals are suitably treaied, for example by
heating strongly in high vacuum, this adsorbed gas can be driven
off, the amount readsorbed usually being small compared with
that initially present. Conditioning processes also tend to
remove microscopic surfce projections by melting. Table 4
zives the time taken for a monolayer to form on a surface at
various pressures, assuming the residual cas is oxygen, and
neglecting the fact that some molecules willl collide elastically

with the surface and escape adsorption.

TABLE 4 (Refe 54).

Gas Press. No. of Jmpacts Time taken for gas particles to

mme Hgo per cum. per gsec.cover completely the target area.
-5 I 15

10¢ ' 4 x 16 Q.06 gsecond
-0 14

10 4 x 10 Deb v

16~7 4 x 10°° 6.0
= 1

10 3 4 x 10 ; 1 minute
-9

10 4 x 1007 16 minutes
=10 )

10 4% 10)1(" 160 t
=11 9

1¢ 4 x 10 1000 i
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In this study it was decided to try methods which appeared
practicable from engineering considerations, and the breakdowns
were studied at preésures which were obtainable with care using
an engineering high vacuum system (i.e. metal system, rubber
saskets etc.). The pressure during tests was always less than
10'5mm. of mercury and usually nearer 5 X 10-6mm. of mercury
ags given by the ion gauge.

The forms of conditioning examined were
(a) Induction heating of the electrodes to a temperature of

approximetely 800°C.(bright red heat) in high vacuum,
(b) Running a discharge between the electrodes in a hydrogen

atmosphere, and
(c)} Process (b) followed by (a).

Graphs 7 and 8 show breakdown tests on unconditioned
electrodes which had a buff polish finlsh and had been well
washed in ether. The general rise with breakdowns corresponds
to the spark conditioning process used by some investisators,
and as one would expect, the greater the energy in the spark,
the qguicker the rise. The effect of series resistance 1is
discussed more fully later (pages 52 % 53} Graph 8.appears to
have reached a plateau but is still approximately 15% below
the breakdown voltage obtained with well conditioned electrodess

The electrodes were induction heated to a bright red heat
for various periods of time on several different tests without
satigsfactory condltioning being obtained. Graph 9 shows the

breakdown voltages obtained after heating for one hour at a

-6 :
pressure of 5 x 10 mm. of mercury. FProm this curve it is seen
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that the slectrode condition after induction heating, compared

unfavourably with the experiments in which the electrodes were

conditioned only by sparking (graph 8). This was probably due
to the pump vapour cracking on coming into contact with the red
hot electrodes and leaving a minute carbon deposit whilch had to
be removed by repeated breakdowns. _

Anderson (32) found that running a discharge of approximately
- 0«20 anmperies pern cm.z between the electrodss for three minutes
in a hydrogen atmosphere gave satisfactory results.

In the tests described here the following procedure was
employed. The gap was set at approximately 2 mm., the bell jar
fi1lled with hydrogen, and a plow discharge produced by applying
a variable voltage (50 cycles/sec.) between the electrodes.

The pressure of hydrogen in the system was allowed to increase
untll the glow covered only bthe opposing faces of the elsctrodes
(approximately 10 mm. of mexrcury). The applied voltage was
then adjusted until the dlscharge current was 6ne ampere {in the
cagse of steel electrodes - other metals, see later). Plate 2
shows the conditioning taking place. The discharge was
maintained for three minutes and the system then pumpsed to a
high vacuum, The phenomenon just described is the normal glow
which has a voltage drop nearly lndependent of the dischargs
current.

When testing, the pealk pap voltage was raised linearly at
approximately 6KV/second until breakdown took place. The relay
activated by the polarity indicator, would then operate and open
the primary eircult of the high voltagse transformer.
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Graph 10 shows the breakdown voltages obtained in a test with
no series resistance. Normally, a plateau region was reached
after a few breakdowns. In the more congsistent breakdown runs,
there would occur an occasional low breakdown voltage, and then
one or two rising walues before the plateau reglon was again
rea ched., These gporadlc low freaks are apparantlylcaused by
the praceding breakdown producing excesslve surface roughness,
and the rising values correspond to a process of removal. This
low value, and any accompanying conditloning breakdowns, was
considered as one low freak and disregarded when calculating the
mean breakdown voltage and standard deviation. A result below
elghty per cent of the maximum breakdowm voltags in a test wms
considered a low freak, and where they were disregarded the
number ls given as a percentage of the total breakdowns.

Table 5 shows the maximm breakdown voltages obtained in the
tegts carried out under the clrcuit condltions specified. Some
of the tests were performed in the same experiment - that is,
without the electrodes being resurfaced and with the system
pressure maintained below 1@"1mm. of Hgs ‘Taese tests bear the
same index lestter. The sufflx indlcates the order in which

the tests were carrled ont.







TABIE 5 - STEEL ELECTRODES.

(The tests were carried out after hydrogen discharge condition-
Ing of the electrodes, unless otherwlise indicated by the index

letter - see pages 49 and 5G).

A Oednmn. 28D

Index letter Ay B c E F, G, EHs
Series Realstance (Rg) G O G 4] 50K n 100K 450Kn
Max. B.D.Ve (£V.) 5345 53 53 52 45.5 49,5 507
Mean B.D.V. (EV.) 514 48.6 48.2 47 43  38.7 4l.4
Std. Dev (7 mean) 3482 4411 4e5  4edd 3.9 21.6 23.7
¢ Low freaks G 7.1 5.4 B.2 1245 = -

B.D.'s. t0 plateau. 3G 9 83 36 5 1 2
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TABLE 5 - STELKL ELECTRUDES (Contde)

C. 0525 mm. gap.
Index Letter 1] o Lz
Serlies Res. (Rg,) C o o]
Max. B.D.V.(%V.) 6445 6846 6746
Mean B.D.V. (V. ) 6346 6246 617
std. Dev" " (< mean.) 2464 6.25  7.00
o Tow Freaks. o 8 6e9
B.D.'s to plateau. 17 0 2
Capacitance added Sﬂrg) Q 17 45 Q:
A - teat followed Hy, discharge plus induction heating for half

D-

K}
L)

hour and considerable sparking at smaller spacinag.
test followed induction heating for 1 hour and 83
conditionling sparks to reach plateau.

test followed Ho discharge plus induction heating for 1 hounr.

tests Investigating the effect of gap capacitance.
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Table 5 shows that the most consistent results were obtained
with zero series reslstance and the minimum gap capacitance =
see tests E, Fi1, Gy, Hy and Ay, Fy, Gy, Hy, Hoe. There was no
signifiecgnt gdifference in consistency between tests having 100Ka
and 450Ka series reslstance, and both consistent and inconsistent

results could be obtained (F;, F Ké) with 50Kae serdes

o9
resistance. This 1s discussed under‘"uther Factors Influencing
the Breakdowm Voltage" (page 52) and was later clarifled by
oscillographic measurements on the discharge current under deCe
conditions (page74).

The large scatter in tests Kg, Kz, K, and K. was apparently
due to added gap capaclitance. Graph 11 shows the relatlonship
between breakdown voltage and gap spacing.

Conditi oning by induction heating in high vacuum after the
hydrogen discharge, was tried. It was thought possible that
the hydrogen discharge would replace the adsorbed gases with
hydrogen which would in turn be removed by heating. The
induction heating impeired the electrode condition (graph 12,
cf« graph 10) due, probably,to a carbon deposit on the surfaces
as suggested previously.

These experiments showed that the best method of conditioning
was by hydrogen discharge, and this process was used, unless

otherwlse specified, in all subsequent experiments.
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3. 2 3. Other Factorz Influencing the Breakdown Voltage.

During the many aXparimeﬁts using steel electrodes, it was
found that the resistance in series with the gap had n
conslderable bearing on the spread of the results. Increasing
the resistance gave a greater scatter. The most consistent
results were obtained when the series resistance was nominally
Z8r'0e

It is thought that the spark can be considered in two partsi=-
(a) the discharge of the gap and asgsoclated capacitance,

(b) the discharge of the capacitance C. (fig. 5).

The dlscharge of the gap capacitance and the breakdown mechanism
1tself produce a certain surface roughening which can be smoothed
by melting 1f the !'follow! current from the capacltance C is
lanze enough. This is in agreement with the elsctron
microscopy studles of Haefer (55), who found that sharp points
could be smoothed by sufficlently largs electron emission from
the projections,. The greater the surface roughening the more
likely is a low breakdown voltage to follow. Plates 3 and 4
show typlcal cathode nmarks obtained with high, and low, series
regigtance prespectively. This is fupther clarified by the
oscillograph studies on de.c. (section 4.4.)

Grephs 13 and 14 are from experiments in which capacitance
was put across the gap during the breakdown run as indicated,
end it 1s seen that the scatter of the results 1ls Increased.
Removing the added capacitance does not nesitore the situnatlon
completely, due, probably, to the roughened state of the

surfaces consequent upon the breakdowns with the larger

capacltanca,
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Graph 15 shows a breakdown run,erratic due to large gap
capacitance, with serles resistance added at the point showm.
The deterioration in the level and consisténcy of the breakdown
voltage ls obvious and typical. The standard deviation figures
on Table 5 also indicate the effect of geries resistance.

Due to the roughened state of the electrode surfaces, a large
prebreakdowh current, which increased quickly with the number of
breskdowng, was associated with tests having resistance in series
with the gap ( 50Xn——>10Mn ). This current, which was less
than fifty microamperes when the series resistance was almost
zero, could be of the order of hundreds of mlcroamperes.

To determine the effect of the pump vapour on the breakdown
voltage, a cold trap was fltted to the high vecuum line between
the diffusion pump inlet and the vacuum chamber. A cold mixture
of acetone and solid carbon dioxlde was used, and the trap
tenperature contlnuously monitored using a thermocouple. During
the test the cold trap temperature rose from -78°C to ~75°G,

The flgures for the test are shown on table 6, where 1t is
seen that fhe maximum breakdown voltage is 71KV., or 8+4% above
the largest breakdown voltage previously obtained (see table 5).
?his test was characterised by an unusually large number of low
freaks due, possibly, to the larger spark energlies congsequent
upon the higher breakdown ybl’oages. It is seen that with steel
electrodes, the presence of apiezon oll vapour lowers the

breakdown voltage by a small amount.
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TABILE 6, Steel Electrodes, Cold Trap Test.

Q.50m. gap. {(Hydrogen Discharge Conditioning).

Beries Res. (Rg-) 0
Max. B.D.V. (KV.) 71
Mean B.D.V,. U?V.) 635
Std. Devn' (4 mean) S5e7
4 Low Freaks 17
B.D.t!'s %o plateau. 22

3¢ 3¢ le The Breakdown between Copper Electrodes.

Experiments showsd that there were two possible breakdown
phenomenon which could occur between copper electrodes. Cne
vas that of spark breakdown, which was characterised by complete
failure of the gap and was the same as the form experienced wilth
stesl. The other waas what it 1is proposed to call,‘the 'slow
breakdown!, which was characterised by a transitory glow in the
gap and conductlion of the order of a few milllamperes or less.
It is the former phenomenon which ls described in this sectione.

The experlments wlth steel indicated that the most complete
conditioning was obtained by running a hydrogen discharge and
thls method was used with copper. A discharge current of one
ampere, as with steel, produced a powdery ring on the metal
surfaces. This ring, which enclrcled the central region of the
electrodes, was composed of sputtered copper which could be
readily wiped off. It did not seem to affect the breakdown

voliage, which wes determined by the condition of the central

regione. However, a discharge current of 0.5 amperes was used
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latterly, which gave satisfactory conditioning without sputter-
ing.

The reslstance in serles with the gap had a considerable
effect on the breakdown figures. With a high resistance, the
brealidown voltége attained an apparent plateau which was
considerably below that obtained in tests with no series
resistance. The results of two tests which show the effect of
series resistance are given on graphi6. This effect corresponds
to that obtained with steel electrodes.

Graph 17 shows the maximum breakdown voltage curves obtained
for copper with two different values of series resistance, and
Table 7 glves the standard deviations, etce.

Experiments under cold trap conditionsg gave no significant
Increage in the apark breakdown voltage. This is shown by the

figures in Teble 7.
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3¢ 3o Be The 1Glow Breakdown' batween Copper Klectrodes.

This phenomenon has been experienced with copper electrodass
at spacings from one millimetre up to the maximum at which the
equipment could be get (S.6mm). At breakdown,s faint, blue,
diffuse glow appeared in the gap, accompanied‘by a fluorescling
of the walls of the glass bell jar dus to irfadiation. This
is shown on plate 5 together with another phenomenon whilch
sometimes was visible. This other phenomenon was a form of
current lealkase (order of 1 micro-ampere or less) which occurred
down one, or more, of the polystyrene rods ingide the high
vacuum chamber, and was characterised by a persistent glow at
the negative end of the rod. The currenﬁ which flowed at glow
breakdovm was of the order of 2 -« 3 milliamperes and will be
discussed mare fully later in the section on de.c. breakdown.

Glow breakdown occurred at about the game voltage for a
given spacing. The breakdown voltage in any test was verny
conslstent and not affected by the value of the geries
resistance {(Table 8). Graph 18 shows the relationship between
the ‘glow voltage' and the gap spacing, together with the
corresponding spark breakdown curve.

If the gap voltage was rgised above phat at which the glow
initially occurred, 1t was found that after same glow breakdowns
the initial glow voltage would have risen to the new valus.

The breakdown voltace could be ralsed in this way to the point
where spark breakdowns occurred. The glow voltage theresa fter
fell with time to the value obtained initially (graph 19). Any
low, breakdown values which did not lie on this curve wers sesen

to be of the spark type. This consistent decay curve could
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not be obtainad.without high serles resistance. Apparently,
the occasional sparks which occurred had a conditionlng effect
on the surfaces - thls effect was neglisible 1f the Spark-energy
was limited by high serles resistance.

It seemed provable that this phenomenon was caused by
adsorption on the electrodes, and punp vapour was suspected.
Tests with a cold trap in the system st1ll showed zlow type
breakdoms, although the rate of fall of the glow voltage wlth
time, after conditioning to the sparking point, was slower and
less consistent. (see graph 20). This increased inconsistency
was probably due to the breakdown voltage remaining for a longer
time near the spark breakdown level. Even the interposition
of the trap in the system without refrigerant rave a decay curve
similar %o graph 20a. This was due, presumbly, to the improved
baffling between the diffusion pump and the high vacuum chamber.
The glow breakdown for a given gap occurred at a higher voltage
under cold trap conditions.{Table 8}. These tests indicated
that the adsorption of pump vapour played a majof part in this
phenomenon, but a more camplicated vacuum system wlth a baffle
valve, bypass line, and preferably liquld alr rather than
'drikold', would be necessary to show that the pump vapour was

the s0le cause.
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3¢ 4. le The Braitdown between Aluminium Electrodes.

The discharge phenomenon studied with aluminium electrodes was
that of spark breakdown. On one occasion when the electrodes
were unconditioned, the pap spacing large (5.5 mm. approx), and
the applled voltage about 70KV., a phenomenon was geen in the
gap which appeared similar to the 'sglow! type breakdown seen
wlth copper electrodes. |

Hydrogen discharge conditloning was agaln used, but it was
found that a dlscharge current of one asmpere (the value used
wlth steel) caused the aluminium surfaces to melt. There was
no melting with a current of 0.25 ampere and satisfactory
conditioning was obtained with the discharge lasting for three
minutes. Allowing the discharge to last for six minutes gave
no improvement in the conditioning.

Graph 21 shows one test immedlately after hydrogen dischange
condltioning and ancther started with the electirodes uncondition-
ed. IIn the former test the plateau value was reached at once,
while in the latter there was & gradual c¢limb until after about
forty breakdowns an apparent platesu was attained. The
maximum valus on this plateau (46.5%%.) was still 107 below the
maximum breakdown voltage for conditioned aluminium electrodes
(graph 22). Table 9 presents a summary of the data obtained
on aluminium, and it is seen that, as with copper and steel,
high serles resistance gave low breakdown veoltages. Graph 22
shows the relationship of maximum breakdown voltage to gap
gpacing. The corresponding curveg for copper and steel have

been added for comparison.



* T OS5 mmn , 100, conel

T OR man, My dis. O4

0 23 ; T o - = -~ —
- /e Ao 30 4o 50

_ G@g/' »?/ =~ Hlvmniom (Rs=0)




/

4
// L ranéerj ?’/zeary

A Y, Rlominiwm
60
b0 -
A
KV
/s
4o 1 ;
Graph 22
Maximaom /Wa’f’rrzdz‘my
: Breakdown Vo/fa]e.
30
(Rs =0)
20
/0 -
O | 1 T T T
(0] 0-2 0 é -8 /O

A o
G’dp /mm./



N L T

(*sutwt 9 J0J <dmus GZ*D

sguTn ¢ J0J *dwe ¢g*0 ‘eBIBUOSTP ULSOUPLAH - J pUB X S9.8q%

Z €189

990N )

L
01
*S
2039

*89

80

b3
¢*al
A
LS
g*go
0

G
L°* 9%
D* G
G*gg
g* LS

0

90

0 5 g 3 i 0 9 ¥ T I T nwe3erd 09 *s,q'd
g*.T ¥P*LT G*eT 8°8T L4°%T ¥P°IT €3 1 6°8 I°G 4°91 S}eodl MOT 9%
1°9 6°9 g°S g°9 9'9 8°4 ¥°S 0°9 L9  B°C gey(uweeu %)., 090 *P18
g*6¢ 9°%3 2*0g 8¢ G*zd 3T 3°*8 ¢ G*43 61 el (i) -A*ag usen
9*¥% 83 0°99 0*3¥ 393 VT 29°6 Ly 18 €8 9°%1 H.@:S.Q.m.aw%

0 o 0 ¥ 0 WG WG 12 (T (< ne Ng  (*yg)-sey serasg

P00 3*0 90 F°0 0 30 TV 8°C 9°C T°0 30 ( eomm) deg

°q Ta ez 37 17 92z Sx  ¥x £X %z Ix 1919067 X9pUl
*{DNINOTILTANOD @DEVHOSIA NAVOHNMAH) SEADULOTIA WOININDIY = 6 Tiauh



4. D.C. Breakdown Tegts e

4. 1' 'D.G. EqUipment-

The civcuipgy.for the de.ce. tests 1s shown on figure 8. The
smoothing was for all practical considerations complete and the
ripple was measured to be less than ©0.12% peak to peak. The
circuit at breakdown corresponded closely to the asce circult =-
in both cases the condenser C.discharged through resistance Rg
and the gap. As 1n the a.c. tests, it was desirable that the
supply should be removed after breakdown had occurred to prevent
excegsive damage to the electrodes and to glve a definite control
over the discharge duration. For reasons which become apparent
later {section 4. 3.), the relay system had to be gtable and
unaffected by surces throush the mains. The simple battery
supplied circuit shown in figure 9 was used and found to be
satisfactory. By variation of the resistance Rp. (fig. 8)
1t was possible to determine the discharge current required to
operate the relays.

The direct voltage was measured by msans of a high voltage
resistance (R, ) and microammeter. Thls resistance was desighed
and constructed at a time when 1t seemed desirable to have
facilitlieg for varying the gap series reslstance (Ry) over a
large range - up to some hundreds of megohms. The only
satisfactory point at which to measure the gap voltage with such
large series resgistance was directly across the gap, and the
meaguring registance had accordingly to be much larger than the

geries registance. The resistance (R ) was designed with a

nominal value of 2,040 megohm for working at 120KV. It wasg
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constructed of 400 high stabllity carbon resistors (each of
value B+l megohm) mounted in serlies on a paxolin support, which
was shaped in such a way that the leakage path was extremely

long. The structure was immersed iIn oll inside a comparitively
small porcelain bushing(approx. 30" long and 12" diameter). The
resistor and microsmmeter (as in fige 8) were calibrated period-
ically againgt uniform fleld gaps. (56). The mean reslstancs
figures obtained from those calibrations are given below, together

‘with the appropriate dates.

Date. Mean Resistance. Days from 5/5/53.
5/5/53 2,075 Ma Q
17/6/63 2,087 Ma 43
6/7/53 2,117 Ma 62
11/11/53 2,123 Ma 190

It is seen that the resistance drirfted consilderably (29) over
the first two months and then remained falrly consiant.

The microammeter could be read to an accuracy of 217 at the
lowest readings taken, and the d.c. voltage measurements are
considersd sccurate to within 2 2,

Pilate 6 shows the equipment for the d.c. tests. The 2,000 Ma
regigtance is contained in the porcelain bushing on the left of
the plate. The H.Te. transformers, rectifiers, and smoothing

can be sesn in the background.

4, 1. The Direct Bresakdown Voltage = Steel Electrodes.

The current -~ voltage characteristic of the gap under dsce
conditions agreed with the findings under a.c. conditions.

The characteristic was obtained by driving the variac supplying



the high voltage transformer (fig. 8) with a motor runuing at a ‘
cons tant gpeed. The gap voltage thus increased linearly with
time, and the voltage across a resistor between the cathode and
sarth (Rp==IG®Kn) ggve s measure of the current. The voltage
across this resistor was applied to the plates of a cathode-ray
oscillograph whida had 1ts time base disconnected, and the
movement of the spot was recorded by a motor driven camera. The
gap voltage rose from zero to breakdown in approximately 6 secondé
Graph 23 shows the current ~ voltase relationship derlved from
the csclllogram after voltage corrections which were necessary |
because of the high seriles resistor used. (R = 10Ma ). This ‘
recard was obtained with the electrodes rough. The curve of ‘
log I - K% on the same mraph does not quite correspond to the
linear form expected for fleld emission (page 1} and it 1s thought
that the slight upcurving at the higher voltage and current
values was due to a supsrimposed thermionlc effect at the emitt-
ing spot or spots. Dyke and Trolan (50, 51) have shown that
currents from a microscoplc projection can produce high
tempera tures due to registive heating.

As the gap voltage was ihcreased from zero, the current rose
as shown on graph 23, the actual value depending mainly on the
surface roughness. At a certain point (B) there was a sudden,
large Increase in the current and normally a spark was seen
(plate 7). The voltage at which this occurred is defined asg the
spark breakdown voltage.

When the breakdown occurred i-rays were radlasted from the gap
and a geizer counter could be used to determine when the discharge:

toock place. X-ray films were fogrmed if placed agalnst the
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oubsids of the bell jar, but for personal safety it was
sufficlent to keep approximatsly 4 feet away from the gap when
testing.

Inspection of the elsctrode surfaces after breakdown showed
the followlng details. -

Cathode: The marks wers invariably very small, and microscopic
examination showed them to be sharp edged craters about 8 x 10-%mu
in diameter. (plate 8).

Anode: The marks for each breakdown were much larzer than those
on the cathode and had a diffuse, molten appearance.(plate 9).
The largsr the gap spacing, the cgreater the diameter of the
nelted area. The marks wers due to electron bhombardment when
the spark occurred - the mutual repulsion of the electrons
accounving for the comparatively large diameter and also for the
increase in diameter with the increase in spécing3 On rare
occasions in a test a breakdown would occur outﬁith the central
region of the electrodes, and the distance traversed by the spark
would be greater than norml. Again, the diameter of the anode
mark would be much larger for the greater distance althouch the
discharge voltages would be gimilar.

The breakdown voltages in the de.cs experiments were consider-
ably lower than in the ae.ce exXperiments when the gap voltage was
raigsed at approximately the same rate (tables 10 and 11). The
consistency in each of the d.cs, tests was, in general, better
than 1in the a.ce testa, dus probably to the lower breakdown
voltage and the smaller capacitive energy in the gap at breakdown.
(see page 52). The effect of series resistance on the standard

deviation was sm1l, but large resistances gave low breakdown
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voltages due to the surface roughness produced. (Table 10, testg
A). Graph 24 shows the relationship between the brieakdowm voltw=
age and gap spacing when the voltage was raised at 6KV per second.
The maximum breakdown voltages shown on table 1C are sbout 157
below those obtained under the corresponding circumstances in

a+Ce tagta {(table 5) dve to the time sffect. This effect was
noted on dece testing and to a lesser extent on a.c. testing.

When the voltaze was ralsed slowly a lower breakdown voltage was
obtained than when 1t was raised quickly. There seemed to be

two possible methods of studying this time effect. Ons was by
finding the breakdown voltages for dlfferent rates of rise of

gap voltage. It was felt that curves obtalned in thils way

would be of little practical importance and fundamentally
dependent on the figures supplied by the other method which would
determine the time between ths application of a fixed voltage

and breakdovn. Consequently the procedure described in the

next section was adopted.



i*9
i* 1S

9c

1

O
e*'%
6*06
G*%G

o

0
g*a
G*2q
G*Gg

o Z T z
0 D 0 0
8°¢  ¥*%  p°C 0L
g*8S  €'8F  CULY 57
gecg  ©O°IC G*DS  SO¥

8 ~wOOT VOG0T “UNIL
£g cg Lg Sy

0 é T
G o 0
a*a g*C 90°¢

or Gy o°'%Y
G*8y G gy G*OF

0 VODL VBT
Ty Cy Sy

¢
6%
gog
s
G L¥
VHTL
Ly

*{JUTUO T3 TPUOO 9oIWUOSTP UBSOAPAY) *dBd *mmGep

Y oHAONLDIFIE THELS -~ OT TIgYL

*neeqsid 09 5,49
*8Xeold MOT 4

* (usem mu.cpom *pAg
*(AM)*A*Q* g uesy
*(AM}*A*Q Y *xBy
{"4)eoueq8TEQY SOTMIOQ

- 193997 xopul




bo'.
50 |
AO | ”
AV,
30 |
Graph R4
20 | Steel electrocles (H, dr cond ™)
cl.c. 6 KV/sec
/0 ] /
O Ll L T
%, 01 0-2 0-3 04 0-5

(7"(?/1) e,



-— -

TBLE 11 ~ STEEL, ELECTRODES,

{hydrogen discharse conditioning.)

Index TLetter D, D, D, D, Dg
Cape (mm.) 0.5 Qed Qa3 02 .l
Series Resistance (R,) §) O o o o
Max B.D,V.(KV). 5445 46 38 7,7 1648
Mean B.D.V. (KV). 53 4349 37 O 267 14.2
Stde Dov" (% mean) 346 4 2.9 344 6416
% Tow Freaks. 7 Q Be3 345 33
B.D.'s to plateau. 1 1 2 1l 1

4. 3. Breakdown and the Time Effect: Steel, Copper & Aluminium.

The time tests wers carried out by applyling across the gap a
voltage which was considerably below (25% approx.) that at which
the flrst breakdown was eXpected to occur. This voltage was
applied for a specific time (one hour) and then increased by a
amall amount (usually S5KV) and left far a further hourn. The
gap voltapge was ralsed In this way until breakdown took place,
and the times at which thls and the subsequent breakdoms occurr-
ed were noted. The voltage was increased 1in steps until the
sparking rate was about two per minute. As the rate of spark-
ing increased, the tlme far which the voltage was applied was

correspondingly decreased to prevent, as far as possible,
excessive suxface damage. Graph 25 shows two typical sets

of results.
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One hour was decided upon as the initisal time for which the
voltage should be applied, a3 any appreciably longer period
would give tests lasting for days and was impracticable. The
form of the curves of breakdown rate to voltage subsequently
.obtained seemed to indicate that 1f the breakdown did not occun
in one hour 1t was unlikely to occur in one day.

Before each test the electrodes were resw faced and washed in
ether. Initielly, hydrogen discharge conditioning was used as
in the previous experiments, but it was later found that for the
time tests no improvement was obtained by condltioning in this
way = in fact, the opposite tended td be the case. It is
thought that the hydrogen discharge produce a few sputtered
partlcles which gave an initial breakdown voltage lowsy than
that in an unconditloned test. In the earlier exper iments which
used elsctrodes conditioned by hydrogen discharge, the few low
breakdowng were accounted for under the heading "number of
breakdowms to plateau'.

Graph 26 shows typical rate of sparking curves obtained for
ateel at gaps of Q«Smm. It was obvious during the tests that
a spark could influence the succeeding rate of aparking by
producing surface roughness. This was shown clegrly in some
of the tests when rate of sparking increased with time at a
given voltage. Curve D on graph 26 shows (points 4 and 5) that
a rougher surface had produced a greater number of sparks per
hour, but the curve also indicates that the voltage still had a
considerable bearing on the rate. That 1s, the sparking rate

does not increase with voltage merely because of the increasing

number of preceding sparks. 1

(\
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Table 12 gives, for various tests on steel, the highesat
voltage which gave no breakidowns in the hour, and the voltage
above this which gave the first breakdown. The mean of these
two figures is piven a3 the "no breakdown value". On a few
occasions a spark occurred at a voltege below that which
subsequently gave no breakdowns in one hour. (see graph 26,
curves A & D, points 1 & 2.) This spark was neglected and
conslidered as merely a form of conditioning - a removal of loosse,
or semi-loose, material.

Tables 13 and 14 contain the corresponding figures for copper
and aluminium. Graph 27 shows the mean insulation strengths
obtalned for the three metals tegted.

Aluminium was a troublesome materlial due to the difficulty in
obtaining & conslstent surface. The steel and copper electirodes
could be satisfactorily and consgistently finished on a polishing
buff, but thls method was not suiteble for aluminium due o its
softness. The most consistent finish was obtained by polishing
alowly on a lathe with smoothed 3/0 emery paper. The metal was
obtained brisht and the results on table 14 are for the electrodes

finished in this way.
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TMBIE 12 - INSULATION STRENGTH: STELI, ELECTRUDES.

gap. mme. No. B.D. KV. 1st B.D. KV. o B.D.Value

KV.
0e25 20 22 21
025 20 | 22 21
0.25 24 26 25
0.25 20 22 21
0.5 3445 38,6 36 45
0.5 3445 38.6 3645
Q5 3445 3846 3645
05 3545 4047 381
05 3545 4047 38,1
¢c.8 45.9 51 G 484
0.8 49.¢ 5240 505
0.8 51.0 520 5145

0.8 4549 49.0 474




TABILE 13 - INSUTATION STRENGTH: COPPER EILECTRODES.

Gap. mu. No B.D.(KV.) 1st B.D.(KV.) No B.D. Value

(XKV.)
0.0 202 30e3 27 «7
05 202 303 277
Qe 252 o0 e 3 27 o7
1.0 D61 61led 5867
1eC 51.C o6,.1 5345
1O 51.0 | 06e1 0340

TABT: 14 - INSUTATION STRENGTH: BRIGHT ALUMINIUM. EIECTRODES.

Gap. mm. No B.D.(KV) 1lst B.D.{KV.) Ho B.D. Value

(KV.)
0.5 3244 36 o6 3445
065 324 356 34.C
Oeb 3244 36 o6 3445
1.C 46 .C : 49,.C 47 o5
1.6 4047 42,9 41,8
1.0 - 40.7 4440 4243
140 46 .0 48.5 47 2

Much higher breakdown voltages were obtained if the
aluminium eleédtrodes were finished using liquid metal poligh
instead of 3/0 emery paper. This made the electrodes smoother,

but duller, and a skin seemed to be formed on the surface.
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The results obtained after this type of finish were higher than
with the other, but rather inconsistent. (table 14y. When the
aluminium electrodes were finished with 3/0 emery paper it was
usually found that the first breakdown voltage was the highest
voltage that the gap would withstand - the subsequent breakdowns
occurring at lower voltages. With the metal polish finish
howew r, curves of breakdown rate to voltage were obtalned for
the two tests having the lowest breakdown voltages. (table 14b,
A &B).

The above mentioned phenomena were probably due to aluminium
oxide on the elsctrode surfaces. Thoge electrodes which were
metal polish finished had probably a toush skin of oxide - the
various thicknesses perhaps accounting for the high, but incon-
sistent, breakdown voltaze. (The electrodes in these tests
were not conditloned by hydrogen discharge (see page 69, and 1f
they had been, the hydrogen would not have reduced the aluminium
oxide). When the metal polish was tested subsequently, it was
found to contain an alkali salt which would react with the
eluminium to glve the oxlde.

TABLE 14b- INSUTATICN STRENGTH: ALUMINIUM WITH METAT POLISH

FINISH,
Gap .. No B.D,{(XW) lst B.D.(KV) No B.D. Value (KV.)
1.0 o0 55 52D
18 45 50 47 5
1.8 60 62 61

1o 65 70 87 «5




w74~

4e 4. Osclllographic Studies of Spark Breakdown:

Steel, Copper and Aluminium.

Oscillographic studles of the spark current were made using
the circuli shown on figure 1G with a SOﬁthern Instruments
transient recorder (T.R. 10). The oscillograph time base was
triggered by the voltage to be recorded which was then delayed
by pagsing through a matched delay cable. |

A study was made of the spark current for different gaps and
series resistance (Rg) for steel electrodes. Plate 10 shows a
typical oscillogram with a small resistance in gerles with the
gape The current can be considered in two parts -

(a) Initially, the capacitance to earth of the high voltage
electrode and comnections discha:ged setting up a high frequency
osclllation with the circult inductance.

{(b) The capacitance ¢ discharged through Rg and the gap.

Process (&) was seen (plate 11) to last approximately 0.1 micro-
seconds e The spark current ls btaken to be that of process (b)
which was governed primarily by the clrecult constants C and Rg.
The arc extinguished at about 0.5 amperes, which is called the
chopping value, and 1f the serles resigtance (RS) was increased
to a valus such that the maximum current available from condenser
C was of the order of the chopplng values, or less, the breakdown
current conslisted only of the discharge of the gap capacitance
(process (a) - plate 12)., @Qccasionally several such 'suppressed
breakdowns were obtained on the one oscillogrem (plate 13).

Tables 15, 16 and 17 give (for steel, copper, and aluminium
respectively) the peak currents and chopping values with 11KA

sepies resistance and various gap settings. The mean choppling




currents for the fthree metals are presented on table 18,

The tables 15, 16 and 17 show a wide varlation in chopping
current for each metal and gpacing, and table 18 shows that the
mean chopping current deoes not vary consistently with the gap
setting. This indicates that the arc extinsuished at a current
value which was probably more dependent on the microscopic
geometry and surface condition at the emitting point, or points,
than on the gap spacing. The figures for steel (table 18)
indlcate a larger chopping current at the smaller spacinas.,
Comparing the mean chopping gurrents for the three metals at
QedDmmm. gpacing, it is seen that the values for steel and
aluminium are similar, and less than half that for copper.

The vacuum arc cccurs in the metal vapour which is produced
by the bombardment of the cathode by positive ions from the arc.
{58, 69). The mean extinsuishing currents here, for copper,
are about 505 larcer than the minimum arc current given by Holm
(59) (.43 amp.) for a normal atmosphere. No figures have been
obtained for the miniwmum arcing current for steel and aluninium,
but the values for iron (.35 - «55 ampere} and carbon (@.01
ampere) would lead one to expect a lower minimum current for
gteel than for copper. Holm (59) also mentioned that a
mimimum arcing current of 12 amperes could readlly be obteined
with well outgassed copper electrodes in a vacuum better than
10"%mn. of mer cury. The electrodss in the tests described here

were not outzassed and at a pressure less than 10"mn. of

mercury .
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TMBILE 18 -~ MEAN CHOPPING CURRENTS.

Metal. Gap. (mm.) No. of Ilean Chop
easurements. Current (amp.)

Steel Qe 10 | 051
" Ued o 0«52
Y 0ed o 032
" Caed 10 Oe3l
Copper 0.5 12 0e74
" 140 14 Qb7
Aluminium Ged 15 Q20

" 1.¢ 15 035




4. 5. The Glow Voltage and Oscillographlic Studies of the

Glow Breakdowm: Coppere

The glow phenomenon experienced on de.c. toests was simliar to
that on a.c. tests with respect to the visible indications (plate?
3), glow voltaze, and current values. Graph 28 shows three |
curves of glow voltage to gap spacing obtained in the ordér

indlicated. Curvs (2} was started with the electrodes wmceconditione

ed and at a pressure of 7 x 1@-6mm. of He., which was the approx-
imate pressure in all the d.c. experiments. The points on the i
curves were btaken in seguence as numbered, and the spread of

results for each 1s indicated at the particular point. It has

been sunzested previously that this phenomenon was attributable

to adsorbed layers which can apparently be wholly, or partially,
removed by the nlow breakdown itself to give a higher glow .
voltage. After the results of point 3 on curve(a) were taken
the glow voltage et 3 mm, was raised by successive glow breake
downs to 50KV, The results of curves (a), (b), and (¢) were obtained
on successive days. The maintained pressure in the system in
each case rose %o approximately @.5 mm. of Hg. Before starting
the test represented by curve (C) the glow voltage at a gap of
1 mm. was valged from 45 KV. to 52 KV.

The form of the curve of glow voltage to electrods spacing
is similar to that obtained from the a.ce. experiments (graph 18),
rising quite rapidly from 1 to 3 mm. map then flattening off.
Comparing graphs 18 and 28b it is seen that although the general
form is the same, the slow voltage given by curve 28b is higher

for the intermediate electrode spacinzs. The discharge
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clrcultry was simlilar for both cases, and the number of glow
breskdowns for each gap setting was approxXximately the sams,.

In the decs case (curve 28b) there was better baffling between
the dlffusion pump and the high vecuwn chamber, and it seens
probable that the difference in the two cunrves was dus to
readsorption of pump vapour. This is in agreement with the
findings of seckion 3.3.2. The readsorption phenomenon would
be emphasised on ae.cs if one particular polarity of elsctrode
influenced the ~low voltage more than the other since each
¢lectrode would be positive and negative in turn.

It 1s seen how the glow voltage can readlly be raised by glow
conditioning and the oscillographic study which followed was made
with the object of determining the variation of glow current with
gep spacing, series resistance, and thickness of adsorbed gas or
vapour.

The oscillographic study of glow breskdowns was made using
the circult shown on figure 1l. The only significant difference
between this and the previous circuit (fige. 8) was the elimin~
ation of the 10 Megohm resistor at point A, This gave a larger
discharge capacitance (appr ox. 0.@%%f) and more stable resultse.
As the current pulse was much slower than in the spark breakdown
case, the delay cable was dispensed with and a Cossor oscillo-
graph used. Plate 14a shows a typical osclllogram of the current,
The peak value and duration of the pulse were taken to be its
main characteristics, and table 19 gives the measurements on two
typical tests. Table 20 glves a swmary of the oscillograph
tests at the two gap settings and with various values of serles

registance and glow voltage. Different values of gzlow voltage
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at the game electirode spacing is taken to indlcate, on the
bagls of the earlier premise (pageb8), different 'thicknesses!
of adsorbed gas or vapour. The glow voltage at a glven spacing
wa.s raised when desired by causing a considerable number of slow
breakdowns. (see page 80). The series resistance in this case
is the sum of R, and R,. (fice 11).

The effect of the various parameters on the glow current will
be considered separately, using the fizures on table 20.

(a) The Effect of Gap Spacine (Table 20, B.& L.)

The effact of gap spacing on the pulse amplitude and duration
for similar glow voltage and series resistance is seen to be
negligible.

(b) The Rffect of Glow Voltage (Ldsorbed Thickness Table 20,
Cele Ho

The effect of adsorbed thickness for similar gap spacings and
serieg reslstance is negligible over the range tested.

{c} The Effect of Serles Resistance (Table 2¢, D.& I.)

An increase of about 15 times in the series resistance
decreased the glow current to approximately one third and almost
doubled the duration of the pulse. This effect would seem %o
be due to the voltage sensltivity of the glow at any particular
tthiclmess! of adsorbed sag or vapour. When the plow occurs,
the voltage across the gap will fall because of the potential
drop in the series resistance and the decrease in the voltage
across the condenserg (Cy and C., fig. 11) due to the loss of
charge. The amplitude of the glow current is in this way

limited mainly by the geries resistance, and since the consequent

vate of loss of charge from the condenser is less for the larger



reslstance, the pulse lasts longer.

Copper was the only metal of the three tested which gave

consistent glow phenonena, but on rare occasions glow phencuena

were seen with both steel and aluminium at large gaps (5 - 6mm.)

and high voltages (6Q«7CXV.).

Jap Setting - 2rm.

MBIE 19 - GIOW GURRENT.

Serles Resigtance Glow Voltage Peak Current Pulse Dur "
(KV.) T M. BMD. ¥t m. sec.

9015 K..Q- 65.5 202 5075

R 6640 546 3.5

L 63«5 4¢3 3.0

it 67-0 5.2 5.'75

i 67 o 3¢9 325

" 68,0 4e3 4 o

" 6845 4e3 4.25

n B8.5 349 395

" 69.5 47 375

f 62eQ 4deB 2e5

139K 68 13 5.0

" 68 1e5 5¢5

" 68 1e3 5e5

n 69 l.4 7 o0

" 69 led 8 +0

" 69 1.3 6«20

N 69 1e3 6 e25

N 69 le2 6475

" 89«5 led 675

N 6045 14 625

TABIE 20 -~ MEAN GIOW CURRENT.
Index Letter CGap mme. Serlies Reslstance lMean Glow|Mean Peak|lean
(RV.) VvoltiCurrent |dur?e
s amp. MeSE8C.,

A 2 159K 59 1406 6 +00
B 4 159K 70 1425 75
E 2 139K .a 68«8 13 6.1




4 6. The Glow and Spark with Mixed Electrodes.

Experiments were carried out with mlixed electrode metals of
-copper and steel. The electrodes were resurfaced between sach
of the four tests which are summarised on Table Zl. There was
no conditioning; the possibility of metal transfer durlng the
hydrogen discharge was thus prevented. In each of the tegts
the gap voltage was raised to 7GKV., or the maximum possible,
and any phenomena which occurred was noted.

Table 21 shows that the glow phenomenon was obtained whether
the copper electrods was the anode or the cathode. 3low break-
down was obtained iIn three of the four tests bul it was most
inconsistent. The voltage in the fourth was limited by sparking,
which would tend to condition the electrodes to a high glow
breakdown voltage. With a copper anode and cathode the glows
- started to occur at approximately the same voltage, and the glow
voltage then increased slowly with successive breakdowns. With
mixed electrodes the conditioning process is seen to have been
very rapid. Trom these considerations it would appear that
both the anode and the cathode contribute to the consistent zlow
experienced with copper electrodes.

The observations resarding the sparking voltage (Table 21},
together with the fact that copper electrodes have a much lower
breakdown voltage than steel electrodes (graph 22), indicate
that the anode material hag the more influence on the value of

the sparking voltage.



TABIE 21 « MIXED ELRCTRODES.

wBD -

(Tests with Mixed Electrodes, Copper and Steel, 1 mm. gap.

Phenomens seen when map volbage raiged to 7OKV.)

Anode Cathode Spark Phen. Glow Phen.,

Steel Copper 1l at 55KV. then 1l at D3 KV.
gap withstood to (faint)

VGKV .

Copper Steel B.D. at 35, 39, Glow at 40, 44,
50 = then would 49 (all faint),
withgtand 50KV (voltage limited
wilth electrodes by sparking to
VEer'Y rouTile S50RKV. )

Steel Copper B.D. at 52, 5D, Glow at 62.5,
59, 56, 65, 65 68 (both faint.)
then withstood
VO’I{V *

Copper Steel Apparent plateau ITone visible up to

reached after
12 BeD's . LiaX,
BsD.Ve 6DeD XV,

655 KV. (limited
by sparking)

. o -



5. Conclusionse.

Se e General.

It has been shown that hydrogen discharge conditioning can be
satigfactorily used in systems whi ch are svacuated by oil
diffusion pumps, and sultable values of the discharge current
density have been determined for the three metals tested. (steel
- G.25 amperes/cm.g, copper - (0.125 amperes/cm.z, aluminium -

U6 amperes/cm.g).

A ring of sputtered metal was formed when
a dilscharge current of 1 ampere (Q.25 amperes/cm.g) was used with
copper elecﬁrodas. Cuntherschultz (64) gives the following
figureg for the sputiered mass in micrograms per ampexre-sscond
in hydrogen. Aluninium 8, iron 18, copper 84, = steel ig not
slvene. In the experiments dsscribed here in which aluminium
oloctrodes were used, the discharge current was limited by
melting of the surfaces. (Melting point of aluminium - 660°C) .
The tests iIn which induction heating fconditioning! was employsed
demons trated the certainty of the Apiezon pump vepour cracking
on the red hot electrodes, and emphasised the necessity of a
cold trap when such methods of conditioning are beingy used with
oll vapour pumps. This form of outgassing was not tried
subsequently when the cold trap had been fitted, as zatlsfactory
conditionine had already been cobtained in a simpler way by
running a hydrogen discharge.

The d.cs experiments with various values of series reslstance

showed the criterion for complete breakdown to be that the

gseries resistance should be small enough to permit a current



of about €4 ampsre to flow from the supply circult. If a.
larger registance was used, the gap capacitance discharged at
breakdovm but there was no 'follow! current fpom the supplye.
This bears out the experiments of Gleichauf and Leader and adds©
conglderably to the information they presented. BElectrodes of
steel, copper and aluminium were usad and the value of current
at which the arc extinguished for different gaps was determined.
These results indicated that the ‘chonping! current depended
more on the microscopic geometry at the spark root on the cathode
than on the gap spacing.

Leader found that his spark current under impulse conditlons
extinguished at about 0,25 ampere. If his serles resistance
was large enouzsh to prevent this valus of current from flowing,
the spark current consisted only of the discharge of the gap
capacltance which could be repeated (see plate 13 - suppressed
discharges under dsce conditions). As suzzested by ILeadser,
the series resistance effect does take place under d«C.
conditiong, and it seems probable thai thlis phencomenon can
account for soms of the differing information which has been
published on high vacuun breakdown. If a galvanometer was used
as a meang of indicating breakdown in e test wlth high series
registance, it would read the integrated current of a succession
of incomplete breakdowns. It 1s more 1llkely that the surface
roughness, which has here been shown to occur when the breakdown
is suppressed (plates 3 and 4), accounts for the widely varying
results obtained by some previous investigators. By using a

hizh resistance in series with the gap dnring a breakdown run,
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a plateau can be attained in the voltage readings which is
considerably below that attained when the series rasistance is
negligible. Graph 17 gives two curves of breakdown voltage -
gap spacing for the same metal but differsnt series reslstance.
The d.ce exXperiments which determined the spark extinction
current (approx. 0.4 ampere) agreed with the a.c. series regigt-
ance experiments. The asce tests with a resistance of 1CCKn
(peak discharge current Q.5 ampere, assuming a breakdown voliage
of 50KV) or more, had large standard deviations or low breakdowm
voltages (tables 5 and 7). Those experiments with 50¥nin series
with the gap (1.00 amp.) had comparitively small standard
deviations, but the maximum breakdown voltages were rather low
{table B). Unfortunately in some of the published work the
circuit elements are not specified, and thils lack of detall is
also common in the presentation of breakdown voltage flgures =
no mention is made of whether the value glven is the maximum
etbained, the mean, or ths voltage which could be wlthstood over
a long perlod. Tew refevences contain information as regards
the consistency of the results.

In cases of small interelectrode capacitance and high series
resistance it seems concaivable that phenomena s§ph as a
luminous particle flying from cathode to anode (11, 14, 78) should
be seen rather than a spark bridging the gap. Bennet, (19)
who used a series resistance of 10 I, mentions in accordance
. with the findings here (page 53} that breakdown produced
subsequent high field emlssion, but Anderson (32) stated that

sparking wlth a more powerful source than his electrostatic
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generator gave gerious roughening. No mention 1s made howeve r
of the resistance in series with.the source.

The presgent work, which has shown the effect of breakdown
occurnring when there 1s large series resistance, sugsests that
in equlipment where such conditions exist and failure is being
experienced, the trouble may be removed by sparking with a high
voltage clrcult having a low geries lmpedance.

Conslstent spark breakdown voltages have been obtained for
steel, copper and aluminium electrodes under a.c. conditions
and correspondling experiments under ds.c. conditions showed the
importance of the rate of rise of voltage, i.e. the time effect.
The highest rate of increase of voltage was during the a.c. tegts
(zero to maximum voltage in % cycle, 5 x lm'ssecond). This
will bs discussed later in section 5.3, The experiments which
wore influenced least by the time effect were those with the
highest rate of rigse of applied voltage, and consequently the
figures obtained dur ing the a.ce. tests have been used when
congidering the breakdown mechanism. These tests have shown
standerd deviations of the order of 4% (table 5) under the best
conditions, and there is consequently an appreciable difference
between the maximum and the average breakdown voltage in a test.
This scatter in the results was due to a change in the state of
gither the anode or the cathode surface caused by successive
breakdowns . The experiments, in particular those showing the
effect of high geries resistance and the consequent surface
rouzhening, indicate that it ls the change in the surface

geometry at the point on the cathode where breakdown occurs,
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which is the pradom;nant cause of the deviafion. From such
considerations, 1t followg that the maximum breakdown voltage
would be obtained when the cathode roushening wes at a minimum.
That is, thse microscopic sur face gradient at the cathode was
nearest the average gradient when the breakdown voliage was at
its maxiwmum. For thils reason it is the maximum aslternating
breakdovm voltages which have been considered in the discussion
on the discharge mechanism.

The maximum albernating breakdown voltage obtained at gaps of
lmm. (the figure for steel by sextrapolation on graph 29) is

given here along with the results of previous investigators.

lmme gap _ Copper Aluminium Steol

Denholm (a.ce B8KV/sec. ) 68.5 KV 78 RV 95 KV
Anderson (32) 37 RV 41 KV 122 KV
Trump & Ven de Graaf(39) - - 110 KV

The experiments described here have shown the importance of the
rate of rise of voltarge. The flmures given by Anderson and
Trump et al were obtained using de.ce. and the rate of rise of
voltage is not given. The author's flgures given above werse
obtained with Apiezon vapour present and the test with the cold
trap gave an increase in the breakdown voltaze of 87. The
fizgure given by ILeader (48) for the impulse breakdown voltage
between steel spheres a¥t a gap of G.3nm. wasg 14 KV, This
compares with 48 KV (aec.) and 38 KV (decs, 6 KV/second) obtained
in the present experiments. From the effect of time of duration
of'voltage a higher impulse breakdown value would be expected.
There has nsever, as far as is known, been any sugpgested reason

why the breakdown voltage in high vacuum under inipulse
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conditions should be lower than that under d.c. conditions, and
it seems posgsible that Leader 's results were confused by surface
roughness.

The present experiments Indlcate that steel is the best
naterial to use for the prevention of high vacuunt breakdown.
Aluminium electrodes can have a higher insulating strength (ile8e
with respect to the effect of duration of voltage - graph 27)
but they are more readily damaged by a breakdown when it occurse
This 13 1in accordance with the findings of McKibben and
Beauchamp (page 24) and is almost certainly due to a tough skin
of aluminium oxlde which forms on the electrodes, giving a higher
breakdown voltage than for pure aluminium. When e spark occurs
in hieh vacuum and the soft aluminium ig exposed, the subseguent
brealkdowns are at a much lower voltage. From the work of
Llewellyn Jones and de la Perelle (65) on electrodes coated with
oxide, it might be expected that the presence of oxide would
decrease the breakdown voltage. Their work showed that
elactrons could be drawn from the oxide coating at much lower
field strengths than from the pure metal, and they proposed that
the Initiatory electrons for the impulse spark in air came from
this source. It has been suggested here that breakdown in high
vacuum occurs at the hiszher voltages due to the 'clump' mechanism
(Cranberg) and at the lower voltages (and higher cathode field
strengths) due to the high current density on a projection. It
is qulite feasible that an 1lncreased elsctron emlssion general to
the whole cathode surfacse would have little effect on elther of

the above porcesses. It has been shown by other investigators



=02 -
(66) that the presence of oxide on aluminium decreases very
considerably the rate of sputtering caused by bombardment by
positlive iong, and it is thought that the increase of breakdown
voltage in high vacuum due to aluminium oxide is probably dus to
similar reasonse.

The valuss of breakdown voltage obtained-hare during the ae.Ce
experiments and those obtalned by previous investigators (apart,
perhaps, from Tomaschewsky) can not be gatisfactorily used in
the design of equipment without further information on the effect
of time of application of volbtage. The results obtalned from
the dece tests and given on graph 27 (Insulation Strength) are
sultable for deslsn purposes. Such informatlon has not, as far
as 1s known, been previously obtalned. Tomagchewsky gave a
figure of 40XKV/mm. as the average gradient which a high vacuunm
gap could wlthstand without rigorous conditioning. He obtained
this figure from experiments at 1 mme and 3.5 m. gaps with
electrodes of various geometrles and materials and with some
outgagsing (see page 5). The curves (graph 27) show that to
give one average breakdown gradient for the high vacuum gap,
irrespective of electrode spacing or material, is not satisfac-
tory. The average pgradlents which the steel electrodes could
withstand at gaps of ©.25 mm. and 1 rm. were 88 KV/mm. and
5%3.5 XV/mm. These figures were obtained wlthout conditioning.
The experiments of Tomaschewsky do not seem to be mentloned in
the English literature on high vacuum breakdown.

The maximum breakdown voltage ‘figures obtalned on a.ce
indicated the advantages of preconditioning with a hydrogen

discharge for obbtaining curves of maximum values. However, the
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resaults of the d.c. rate of sparking experiments showed that as
far as the permanent insulating strength of the gap was concerned
there was nothing to be gained by this method of conditioning.

In fact, the consistency and comparitively high value of the
results wilth the unconditioned electrodes are rather surprising.
The tests showed that a factor of safety was deslirable when

applying the values piven on graph 27. The lowest "No B.D.
value" at each gap (tables 12, 13 and 14) was taken as a
percentage of the insulation strength at that map (sraph 27) and
the lowest value obtained was 93.5%. However, to allow for the
tconditioning' spark which occurred in an occasional test (see
paze 70) a factor lower than this l1s necessary. A consideration
of the results obtained during all the tests indicated that 75%
would be a safe factor.

The glow phenomena described and studied here (sectlong 3.3.2.
and 4.5.) has not as far as 1s known been previously reported,
although it seems gilmilar in some respects to the current loading
sometimes éXperienced in accelerator tubss and to the form of
conduction described by Clifford, Fortescue and Roberts (60).

Tuarner (61) and Blewett (62) described a current loading
phenomena which occurred in high voltage accelerator tubes. The
outstanding characteristics were

(a) the discharge starts at a definité voltage as evidenced by
the sudden appearance of X-rays and increased current drailn,

(b) the discharge current increases approximately with the
sixth power of the voltage and hence 1s an effective voltage

limiter,
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(c) the voltage at which the discharge occurs depends ah the
pressure, Iincreasing with tube pressure,

(d) hydrogen, helium, nitrogen, and argon affect the threshold
voltage in approximate relation to the mass of gag presente.
Blewett considered the effect to be associated with surface
layers of reagsonably volatile materials, probably pump oils or
other organic vapour. He was able to reproduce the phenomena
at voliages from 2~30KV 1In a 'parallel plenes diode'! with the
electrodes 1 mm. apart. This represented average gradients of
the order of tens of KV per cm. which corresponds to the surfacs
asradients at the electrodes of conventional Van de Graaf
accelerator tubes. The onset of the effect was found to depend
on field strength, not total voltage, and to be strongly affected
by surface contaminations. _

McKibben and Boyer (63) showed that the electron loading
phenomenon in accelerator tubes was due to a positive ion -
negative ion chain reactione. They noted that the voltage at
whilich the discharge occurred was not affecfed 1f a magnetic
field was applied which prevented electrons, but not negatlve
ions, from striking the anode.

Clifford et al (60) described a discharge of the order 10~4
amperes which set in at voltages from 10 - 150KV, deCe,across
gaps of a fow centimetres In a continuously evacuated system;
The effect was dependent on the anode condition and affected
little by large variations of gap. The discharge was self
extinsuishing after a charpe of microcoulombs had crossed the

cap with only a slicht drop in voltagse.
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All the investigators just mentioned found the threshold
voltage for the dlscharge to be conslderably ralsed by an incream
in the pressure up to the order of 16"%m. of mercury .

The present experiments with a copper anode and a steel-
cathode, which gave a lower spark breakdown voltage than with a
steel anode and e copper cathode, showsed that the materlal of
the anode had a considerable bearing on the breakdown voltage.
This agrees with the findings of most of'the previous investi-
gators.

The pressure during all the experiments descrlibed here was
between 2 x 1@'6mm. of mercury and 10""mm,. of mercury as read by
the ion sauge. Qver this range, no effect which was attribut-
able to the degree of vacuun was noted. Previous investipators
(32, 37, 39) have confirmed that this reglon is well below that
at which the spark breakdown volitage ceases to depend on pressures
The residual gases and vapours in the vacuum chamber were probab-
ly a mixture of hydrogen, water vapour and Aplezon products.

The pressure dropped to one half when the refrigerant was put in
the cold trap. Blears (72) found on analysing a dynamically
pumped system similar to that used here (with Aplezon oil |
diffusion pump and no cold trap), that, although there were trao&é
of water vapour and hydrogen, the predominating residuals were
hydrocarbon vapours from the pumnpe.

During the experiments it was noted that the sur face finish
on the elsctrode surfaces had little effect on the breakdown
voltarae. There was no anpreciable difference in the breakdown
voltage between electrodes which were buff polished and those

which were papered with fine eniery.
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This is in accordance with the'results of Hadden (71), who found
that electrolytically polishing his copper electrodes did not

increase the breakdown voltage.

5. 2. The Breakdown Mechanigm,.

Grgph 29 shows a double loz plot of the maximum breakdown
voltage fisures of graph 22 as suzgested by Cranberg (47). A
typlecal value sugsested for the conétant C given by the Y axisg:
intercept was 3 Mvz/ft and the line shown dotted is of slope
one half through this point. The curves for copper and ateel
are linear for all but tThe smallest map and are approximately
of slope one half, The curve for aluminiwa is linear over the
whole range with slope Q.61, and extrapolation indicates that at
larger gaps this metal would be superior to steel. These
curves supply strong evidence that for the larger gaps the
breakdown is due to the Cranberg mechanism. This 1s supported
by the figures on vable 21 which indicate that the material of
the anode plays an important part in the breakdovm mechanism.
This sumzests that the prigin of the particles is the cathode
and that the target is the anode with the characteristic constant
Ce

The evidence of other investigators which gupnorts this view
of Cranberg's theory 1y =
(a)} The rotating mirror photorraphs of Snoddy and Beams showed
that initially a luminous spot appeared at the anode and the
spark bridged the gap from anode ﬁo cathods.

(b) Compton and lLangmulr mentioned bright charged particles

flying from cathods to anode.




70_7(/(V)

A

20 . Steel
Rl .
KY
lu, +
/o |
O O
2 4 6
v
S/o/uef %
|32

Metal j(qee
Steel 0-56

(o/o/.;cr O 4Lé&

Hlvinivin 0-61

(';ro;_;}z 29

=03

/ 2
Zoy ( I a/») ( gap ’n otian)



[ 4 —- -
(¢) The experiments which showed an anode effect (page 35).

Tﬁe evidence of invegtigators which seems to contradict this
theory is =
{(a) Jin Imachil found that a projection on the anode lowered the
breakdown voltage, but that one on, the cathode did not.

{b) The experiments of Gleichaﬁf and Ahearn whlch indicated no
anode effect. {(commented on previously (page 37).)

The figures for O.)l mne. gap steel and 0.25 mms gap copper,
which are 4.5 KV.and 7 KV.respectively below the values expected
from the Cranbergz theory, suggest the probablility of a field
dependent mechanlsm predominating over the total voltage effect
at the smallest spacings and highest gradients. It 1s possible,
howeveyr, that the low valuss could still be due to the mechanism
proferred by Cranbers. In the dsvelopment of hils theory for
mwniform field conditiona, he assumed that the field distortion
at the clump on its parent electrode was constant, and independ-
ent of the electrode spacing. If the distortion increased
appreciably at the smller spacings, breakdowns would occur at
voltages below those deduced from considerations which neglected
this intensification of the field.

As the gap spacing 1s decreased the swu face gradient at a
given projection on the cathode increases. There ig consequent-
ly larger electron emission from the polnt, and it seems probable
that the mechanlsm suggested on page 36 accounts for breakdowmn.
This process depends on the temperature produced at the point
by the high current density and by the bombardment wlth positive

ions from the anode. It is thought that, normally, the heating
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due to the current density has the'major influence. The effect
of positlve long from the anode can be eliminated by applying
pulse voltages. Goodman and Sloanr%xperimented wilth high volt-
age microsecond pulses and found that the cathoge gradient at
breakdown was proportional to the square root of the specific
resistance of the metal. The Inset on graph 29 shows the break-
down voltages at Q.1 mm. gap (graph 22) plotted against the
square root of the specific resistance of the respective metalse.
The breakdown voltage increases with the root of the specific
resistance, but not linearly.

Trump and Van de Greaf measured the coefficient A (the number
of positive ions emitted per incident electron} for steel et
different voltages, and at 20 KV the value was 4 x 104,
Filosofo and Rostagnil, who used Aplezon o1l diffusion pumps,
also measured this coefficient and found it less than Trump and
Van de Braaf's by a factor between 20C and 2,000; but 1f they
removed thelr cold trap an increase of about 200 was obtained.
These flgures suggest that in the former experiments the target
was contaminated by organlic vapours. The electrodss used in
the tests here would be similarly affected. Dyke and Trolan
have shown that high current densities exist on points at
breakdown {(order of 10° amp./bm.g). If the anode was bombarded
by electrons from such a projection, thers would be large
positive ion densitles produced. These lons, when accelerated
through the gep voltage, could be expected to produce consider-
able heating at the projection, which would supplement that due
to resistive heating. Even an approximate calculation of the

relative effect of either of the two thermal processes would
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involve a knowledge of the emitter geomsitry and the following
mathematical considerationsg.
(a) The lateral diffusion of the electron beam due to the spacs
charge (this has been calculated 1n section 5.4 for the vacuun
spark). Dyke and Trolan (4) found that thelr field emisgion
current was being limited by space charge at current densiltles
below those at which breakdown occurred.
(b} The focussing of the ion beam by the electron stream.
(positive ion current<electron current).
(c) The heat produced at the surface of the projectlon by ion
bombardment.
{d) The resistive heating of the projection due to the high
cur rent densitye.
(e) The rate of dissipation to the body of the metal of the
heat produced by (c¢) and (d).
The effect of time of application of voltage would alsc enter
into the considerations (section 5.3.}

Mogt of the experiments and evidence congidered to dstermine
8 possible breakdown mechanlism have bsen concerned with dece. op
low frequency studles. Dyke et al (5C, 51) have shown, by
applying pulses shorter than the ion or 'clump' transit tTims,
that the breakdown can be produced by high current density alone.
Kilpatrick (73) showed that sparking at 200 Me/s. followed
strictly the sur face gradient and did not depend on the total

voltage.



8. 3o The Time Effect.

Experiments of the type described here can not furnish
definite proof of the mechanism which causes delayed breakdown

at a glven voltage. The microscoplc geomstyry of the region at

which the breakdowm occurs is not known, and the basic figurses
involved in the suggested mechanism (see later) have not, as far
as is known, been obiained. It is possible howevexr to deduce
what probably happens.

Although the time effect is = fhiriy well knowh phenomehon
there does not geem to be any prevlously published results on it
at the lower voltages. At the higher voltages (> 100KV) some ‘
results have been published on the basis of the sparking rate (40)
one of the investigators gpart from Cossling (23) (see iater) |
proferred ah explanation for the phenomenaQ

The lonz times to breakdown which can be experienced, exclude
the possibility of chain mechanisms (e.z. (¢) and (d) page 34)
accounting for the phenomenon which would appear to be initlated
by a single event. This leaves the Cranberg theory and that
postulated under (a) of page 34, both of which require an
explanation for the time delay in tearing a projection from the |
cathode.

Consider a microscoplc projection on the surface of the
cathode with a high voltage across the gap. If the projection
is considered as taking ths form of an ellipsoldal column on a
flat plans, a ratic of height to diameter of 3 to 1 would give
a tenfold increase in the gradlent at the apex as compared with

“the macroscopic gradient (67). There 1is =
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(a) high electrical and mechanical stress at the point,
| and
(b) large electron emigsion and thus high temperaturss due to
reglistive heating and perhaps bombardment by positive lons from
the anodee.
This could lead to rupture by two processes =
(1) the temperature at the point rises amd when the melting
point is reached thé load causes mechanlcal rupture.
(2) with high temperature and mechanical load failure takes place
due to creep. (70). This 1s a phenomenon of viscous flow at
grain boundarieg under conditions of high temperature and stressg.

It is difficult to reconcile process (1) with the long delays
before breakdovm whlch can be experienced, as an equilibrium
temperature would be reached in a very short time. Process (2)
on the othser hand can take days or even yeérs depending on the
conditions of temperature and stresse. At the normal creep tegtw
ing temperatures fracture takes place after many days have
elapsed but very fast creep could be expected above a red heat
(830° C anprox.)}. The efrfect 1s cumulative ~ the zreater the
exbenslion due to creep, the greater is the mechanical force,
electron emisslon, and temperature.

Gossling (23) proposed a similar thsory althoush he wrote in
tems of crystal sli§ and cited the work of Groucher {(68) and
Schoenborn (69). They experimented with tensile tests on single
crystal wires at various temperatures and showed that

? «2° at constant temperature, and

-
t Z at constant stress,
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‘where ¢ is the time to fracture,
s 1s the mechanical gtress,
and 7 is the temperature (°K).
Times as short as seconds were obtained. This type of expresse
lon corregponds very approximately to the form of the rate of
sparking curves obtained (graph 26).

If the siress on a specimen is removed after a period of creep
there 1s a partlal recovery of the extension. When alternsting
voltage was applied hetween the electrales there would be a
relaxation, during each alternate half cycle, of the streas on
the projections. In such tegts 1t can then be considered that
the voltage was ralsed to its maximum value in a quarter of a

cycle (0«005 second).

S5« 4o The Dimensiong of the Spark Roots.

T™e microphotographs have shown (plates 8 & 9) that the
diameter of the spark root on the anode congiderably exceods
that on the cathode. It has been sugeested that this is dus to 1
mutual repulsion of the electrons in the beam. The electrons
leavings the cathode wilill have a kaxwellian distribution of
velocltles and this iz snother possible reason for the lateral
diffusion. It is 1likely, however, that at the comparatively
high current density in the spark the space charge effect will
predominate, and it will be shown that this effect alone can
account for the broadening of the electron beam.

Ag the current in an electron beam is lncreased, the effect
of space charge 1s noted as a lateral dispersion of the electrons

at current densities below those which are sufficient to
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appreclably change the potential along the axis of the beam.

In the vacuum axrc there is no conducting plasma as in the arc
in air (59), and in the considerations which follow it has been
treated as a high'current density electron beam.

Pierce (75) developed an expression for the broadening of a
paraxial electron beam under uniform field conditions by using
the followlng assumptions.

(a) The potential along the axls of the beam is not changed by
the charge density of the electron streame.
(b) The current density is independent of the radial position
inside of tThe beam.
(c) The effect of the thermal veloclties of the slectrons can be
neglected.
Definition of the variables used by Pierca.

The z coordinate lies along the axis of the beaiu.

r = radius of the path ro= radius at z =@

_ / I V% 2 - r% 5
R--}.:—,z (22T EPVE L /74 vt « (1)

where, I iIs the current in the chosen path,

V is the voltage.

R’=§§andR %%at z =0

The expression developed by Pierce is

- *[ﬂm?*(??’}]
Z = 2e ”"j/ Cda )
LGrR fm/ff ) R
_ 26—(&/‘[/ e/ _/ e tee]

' The integral may be evaluated by using the following functlion

(suggested by Pierce and graphed, originally, by Hiller and
Gordon (76).)
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Here R; = 0 (taking bound of the path initially normal to the
cathode surface.)
Qed3 mmo,
) " " cathode " =115 10 “um.
jo. R=% = j&i2, = 374
y;'ve.é Z =243

Oscillograms indicated that the arc voltage was of the order of

Prom plates 8 and 9 the diameter of anode mark

1KV, The series resistance was 100 Ka and the breakdovn voltage
3
approximately S5O0OKV. (_f = So. /lo”_ OeD ampe).

/oo. /03
Substitubting Z = 24,3, V=103 and I = @.5 in (1)
glves ;.Z- = 3060 Or z = G.41 mm.

(-4

That ls, the length of the elsctron beam necessary to give the
stated spread due to space charge under the specifled conditions
of current and voltage was C.41 mm. The actual gap length was

JeD Mile

5, 5+ The Clow Breakdown and Possible llechanism.

The phenomena mentioned. in sections 3¢3.2. and 4.5. are
obviously due to some form of adsorption on the electrode
surfaces. TProm the times to equilibrium {graph 19) it is
evident that the adsorption is multimolecular, gince a monolayer
would form in less than (.6 second at the working pressure.

(55 x 10-6mm. Hze -~ table 4). This form of adsorpbion is
characteristic, in general, of vapours at pressures approaching

saturation values (74, page 424). At normal temperatures in
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high vacuum; resldual gas (l.ee. air etc,) would not be expected
to form more than a monolayer on a clean metal surface.  The
punp vapour present would be near its saturation pressure
(1&—7mm. Hz., or higher if cracked) and this indicates strongly
that the glow phenomenon is caused by a thin film of pump vapour.,
Experiments showed that pump vapour had a considerable influence
on the glow voltage. (section 3.3.2.)

As far as 1s known no investigations have been made on the
rate of adsorption of Aplezons or other gimilarly complicated
organic vapours. Bangham and Burt (74, page 452) obtained the
.following empirical relationship for adsorption of ammonia,
carbon dioxide, sulphur dioxide, and-nitrous oxide by glass
sur faces. _

logé,—% = /(f—'% e, 5'=6'(/-'€'J(?j
where g 1s the amount adsorbed,

6 is the amount adsorbed at saturation,
and n, K are constants.
The quantity adsorbed increases exponentially to the saturation
valuef6). This value (6) corresponds to the equilibrium glow
voltage (Vg.), and zero adsorption corresponds to the sparking
voltage (Vy.) (graph 19). This, together with the form of the
curve, suggests that an empirical relationship
v=V + e Vg = V)

might hold for tge decay of glow voltage with time, where v 1s
the glow voltage at time t,

V, 1s the equilibrium glow voltage,

s

V4 is the sparking voltage,
and « is a constant.
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If this relationship applied, the curve

log (v = V,) = log (Vg= V,) = ol
would be linear.» It 1s seen (inset, graph 19) that this is so
after approximately one hour's adsorption. (The deviation of
point A from this line is actually only 300 volts or Q7% of the
glow voltage.) The fall of glow voltage 1s very rapid over the
initial adsorption period.

The followlng phenomena require to be accounted for. The
glow voltage -

(a) falls with increase of thickness of adsorbed vapour,

{b) requires a certain winimum voltage for initiation and depends
more on the total voltage than upon the stress (graph 18),

(c) is self exbtinguishing,

(d) can be raised by successive glows, _

(e) is influenced by the state of the anode and the cathode
surfaces.

The fact that details of the adsorbed vapour (e.s. formulae,
ionisation coefficients) are unknown, apart from it being Aplezon,
makes even approxiﬁate calculations on a probable machanism
impogsible. However , a qualitative sugzestion for ths glow
mechanism is given. Electrong from the cathode cross the gap
and lonise some of the molecules of the anode film. Investigat-
ors (46} have showvm that the emission_of pogitive ions per
electron from an adsorbed organic layer 1s much larger than that
‘from the pure metal surface. The probablllity of the electron
having an ionising collision with an adsorbed molecule before

striking the actual metal will increase with the thickness of the
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film. The positive lons produced at the anode cross the gap :
and give further ionisation_at.the cathode surface (the amount
depending on the film thickness). Photoionigation will also
occur at the anode and cathode surfaces due to the ionilsation i
procegses on the opposite electrodes. When there are sufficient:
ions and electrons in the gap, the slow phenomenon, which ig {
gimilar in some respects to the normal glow discharge, results.
The voltage across the gap drops only slightly when the glow
occurs, and a high voltage 1is required to maintain the phenomenorn
Thls corresponds to the case of the glow discharge.

The mechanism here described would account for the fact that

the glow depended more on the total voltage than on the gradient

(i.8¢ it depended on the enerpgy acqulred by the iong and electrasi
crogsing the gap). Self extinction is apparently a consequence
of the drop 1ln gap voltaze due to the circult parameters,
assisted, perhaps, by loss of vapour by diffusion from the gap.
The rise in glow voltaze with successive discharses is probably
due to removal of gsome of the vapour from the gap by diffusion
to the extra-gap space during the glow and jmmediately after it

had occurred.

5. B+ Recommendations for Future Work.

The experiments described here have shown that a fair consiste
ency in breakdown voltage can be obtained by ensuring that
current from the supply 'follows! the initial dischargse of the
gap capacitance., Standard deviations of about 5% were obtained

when a condenser of 530pf. was discharged through the gap at

breakdown. {see flz. 5). Between thils condenser and the
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elsctrodes there waa, effectively, the small induectance and
resistance of the connecting leads (a2 total length of approx..
6 feet) and the two gas paps. This appears to have had sons
bearing on the standard deviations in the testa. . For example,
sraph 13 shows that 17.5 pf. added across the gap (short leads,
total length approx. 18") had increased the scatter, although the
nominal serles resistance was zero (R§= G)e If the small
inductance and resistance of the leads from the 500 pf. condensger
had no appreciable effect 1t would be unlikely that the addition
of the 17.5 pfs. would have made any significant diffareﬂca.
A closer study of the effect of the circuit parameters on the
standard deviation could 1ead_to more consistent results and
further studles could follow from them. If the expected breake
down voliage was lnown to a reasonable accuracy, 1t would be
possible to sbtudy closely the effect of time of duration of
voltamge by applying different psrcentages of the brieakdown
voltage and determining the time to breakdown.

The aeCs aNd dece tests have shown a distinct difference in
the relative maximum breakdown voltages, and it would be of
interest td deternmine fthe maximum brealkdown voltages under
impulse, which would eliminate, as far as possible, the effect
of time. . TImpulss studles are now being carried out, and they
indicate maximum breskdown voltages which are as much as 257
above those obtained in the a.c. sxperiments.

Further experiments with an improved high vacuum system,
whlich would eliminate completely, when necessary, the presence
of pump vapour, are desirable. This would make possible a

reagsonable comparison of the relative merits of conditioning by
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hydrogen diacharge and by induction heating, without the confusion
of pump vepour cracking on the electrodes when red hot. Such
an improved system would algo make possible pogitive confirmation
that the glow phenomenon 1ls due solely to the organic vapours
from the dlffusion pumpe. The glow conduction could beayr mors
exhaustlive examination under closely controlled conditions, which
would determine, in greater detall, the processes involved.

Gleichauf (43,44) has published results on high vacuum break-
down over Insulators at voltages similar to those used in the
present expeyiments, but there is still a lack of information
on the subject, Useful results could be obtained by extending

the techniques developed here to cover the field of bresakdown

avar insulators in hicsh vacuum.
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Plate 1 - Field emission superimposed on capaclitance

current « rough steel electrodes.

Plate 2 = 3low discharrse conditioning.



Plate 3 - A typical cathode mark. Ma,ftn' X 630

Steel electrodes, zap O.5mm. R,=500Kn

Plate 4 - A typical cathode mark. lag X 630

Steel electrodes, gap 0 .5ma. T?S-- 0



I
- j
b

ectro

-

des ,

of g

numbar



Pla te

rv

/

3reald
A Oowr)

A spark I

zap C
E) 8, .é):n'!l.

at

O




Plate 8 - Tymnice

teel electrodes s 2ap CeOmm. R, =100 K
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Plate 8 = typical anode mark. llas ° x 70

veel electrodes, gap 0O.5um.



10 = Spark current of

{Uel ampe poak (.95 amp. ohop. )
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Plate 13

Steel elecdtirodes, sap Oe5 mm,.

park Current at 44
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Plate 1l4a ~T
4a - Glow current at 60 KV. (1.2
ke |Leg e 8lMlPDe DPEA )
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