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1. De door Coolen en Van Schaik opgemeten profielen van de D2~absorptielijn

van z3Na in neon worden bepaald door een combinatie van de overgangswaar-

schijnlijkheden tussen de niveaus en van het laservermogen. Zij hadden

een uitspraak kunnen doen over de invloed van beide effekten als zij de

profielen niet alleen bij verschillende laservermogens hadden opgemeten,

maar ook bij verschillende dichtheden van het neongas.

F.C.M. Coolen en N. van Schaik, Physica 93 C, (1978) 261 - 6.

2. De uitspraak, gedaan in "Structure of Physics" door G.R. Noakes, dat inter-

ferentie van fotonen bij de proef van Young plaatsvindt nadat deze de twee

spleten gepasseerd zijn, of dat een bepaald foton geen wisselwerking heeft

met elk van de spleten, is onjuist.

• G.R. Noakes, Structure of Physics, Mac Millan (1977), blz. 468 en 502.

3. Voor het waarnemen van het ontstaan en de groei van interne disrupties in

Tokamak plasma's verdienen cyclotron-stralingsmetingen de voorkeur boven

röntgen-metingen.

4. De door Knudson en Nimrod voorgestelde exacte vergelijking voor de bereke-

ning van titratiecurven voor twee-basische zouten is niet exact.

G.E. Knudson en D. Nimrod, J. Chem. Educ. _54_ (1977) 351.

5. Plasma's kunnen de 5 aggregatietoestand van de materie genoemd worden,

niet de 4 , zoals te doen gebruikelijk is.

6. De term "desorption cross section", zoals ingevoerd door Taglauer et al.

kan aanleiding geven tot misverstand.

E. Taglauer, U. Beitat, G. Marin en W. Heiland, J. Nucl. Mat. j>3_ (1976)

193-8.

7. Fan en Bozler houden bij hun verklaring van de toename van het rendement

van zonnecellen ten onrechte geen rekening met de brekingsindex van

amorf silicium.

J.C.C. Fan en CO. Bozler, The Conference Record of the Fourteenth IEEE

Photovoltaic Specialists Conference 1980, San Diego, California,

blz. 1070-3.



8. Om te voorkomen dat het bij de eventuele introduktie van energie-opwekking

in kernfusie-centrales tot dezelfde misverstanden en emoties komt als nu

het geval is bij de invoering van kernsplijtings-centrales, zal het uiter-

ste gedaan moeten worden een breed publiek voor te lichten over de maat-

schappelijke aspecten van kernfusie. Daarom moet het niet bij éën lesbrief

voor het middelbaar onderwijs blijven, maar moet deze minstens gevolgd

worden door opname van een keuze-onderwerp "fusie-energie" in het VWO-

eindexamenprogramma natuurkunde.

9. De aardlekschakelaar in huizen en caravans geeft geen volledige beveiliging

zolang de vereiste van het regelmatig indrukken van het knopje blijft be-

staan.

10. Het begrip "centraal schriftelijk eindexamen natuurkunde" is strijdig met

de exentriciteit van sommige opgaven daaruit.

11. De waarde, die Milton berekent voor de veldversterkingsfactor zou beteke-

nen dat de veldsterkte een waarde heeft die de potentiaalberg aan het ka-

thode-oppervlak beneden het Fermi-niveau laat zakken.

0. Milton, IEEE Trans. Electr. Insul. E1-9 (1974) 68-81.

12. De door Hackam gepubliceerde foto's van gedeelten van kathode-oppervlakken

laten niet duidelijk zien dat mikro-uitsteeksels werkelijk bestaan. De

door Beukema en Van Zuilen geuite bedenkingen tegen deze "waarnemingen"

blijven dan ook van kracht.

R. Hackam, Mat. Res. Bull. _7_ (1972) 655-61 en J3 (1973) 868-9.

G.P. Beukema en H.J. van Zuilen, Mat. Res. Bull. B_ (1973) 867-8.

13. De tweede hoofdwet der thermodynamika behoort in het havo- en vwo-eind-

examenprogramma natuurkunde te worden opgenomen.

14. Glascontainers kunnen bijdragen tot het verminderen van het alcoholgebruik.

G.P. Beukema Utrecht, 8 december 1980
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Chapter 1

Introduction and Summary

1. Introduction

The development of a discharge between metal electrodes in vacuum occurs in a

vapour composed of one or both electrode materials or adsorbents.

In the final stage of the growth of the discharge, i.e., the arc phase,

the current is sustained in cathode vapour. But, concerning the processes re-

sponsible for the initiation of electrical breakdown in vacuum much is still

controversal. Over the last 60 years the progress with regard to voltage capa-

bility in vacuum has been exceedingly slow. To understand this one must bear in

mind that for broad-area electrodes the following topics can be important for

the initiation of a breakdown:

-thermionic emission ' ̂

j. , . y^-Schottky-enhanced thermionic ' '
a. emission of electrons z^~ J

 2 .̂

\--T-F emission ' '

N i e l d emission 2' 5' 6' 7' 1 1'^"
- Joule heating ' -*

b. thermal p r o c e s s e s ^ ^ N o t t i n g h a m . ^ ^ f t ^ 1 0 ' 1 "
at the electrodes51^^— aR e ea ln^

^""^ energy exchange of fast

electrons in metals12'13»14'15 'V^

£. neutral and ion desorption by electrons ' ' -*

d. impact phenomena by micron sized particles " » » J

ê . liquid surface rupture by an electric field '

f. ion bombardment of metal surfaces25'26'27'11'1^

.whiskers from the vapour phase »Vil-)

/Aamage of a smooth surface by

g. creation of protrusions^ particle impact ' -*

^surface diffusion in an electric field30'31 > n > n I )

Vemains of molten electrode material after

breakdown -*

It is now generally accepted that the prebreakdown current between well

outgassed electrodes in a clean ultra-high vacuum consists of field emission



electrons. The theory of field emission ' was experimentally verified in a so-

called field emission microscope '. The field emitter itself consisted of a

etched tip of a thin wire with a radius of ̂  0.1 ym for which the detailed

geometry and the surface condition were accurately known. The complete know-

ledge of the extremely clean emitter surface was also necessary for the study

of energy exchanges and it was found that for instabilities (i.e. electrical

breakdown) on a tungsten tip electric field strengths were required close to

1010 V/m.

For broad area electrodes (electrode surface >> surface of a single field-

emitter) it was found that the critical field strength at which breakdown

occurred was of the order of 10 to 10 V/m ' ' K Also the pre-breakdown

current appeared at a field strength 1 to 3 orders of magnitude below that

predicted by the Fowler-Nordheim theory for field emission. Various simplified

models have been evaluated ' * * , all starting with one simple protrusion

with idealized dimensions on the cathode surface. From so-called Fowler-Nord-

heim plots (log I/V vs 1/V) the field enhancement factor B and the emitting

area A could be calculated so that the pre-breakdown current was in agreement

with the Fowler-Nordheim equation for field emission. Rat for broad-area elec-

trodes it is doubtful whether it is possible to calculate the dimensions of a

protrusion, since the total number and the size distribution of the protrusions

are unknown. Tomaschke and Alpert considered the collective field emission

from up to 100 emission sites having randomly chosen values of field enhance-

ment factor B aid emitting area A and found that the total emission was well

represented by an essentially straight-line Fowler-Nordheim plot. The "mea-

sured" field enhancement factor e is close to that of the emission site giving

the greatest enhancement, but the measured A is a weighed value and depends on

the size distribution of the protrusions. Moreover, the electrode surfaces in

practical devices will often be contaminated by gas adsorption or impurities.

This will cause changes in the work function as well as in the qualitative

shape of the electrostatic potential seen by the tunneling electrons ' •*.

This means that conclusions drawn from Fowler-Nordheim plots, concerning

the exact shape of emitting protrusions ' , must be very tentative. In plane

parallel systems it is furthermore very difficult to distinguish between anode-

and cathode-initiated breakdown from experimental data. Therefore it is essen-

tial to do experiments in which the influence of one electrode can be ne-

glected ' or can be ruled out by comparative measurements '.



The origin of protrusions on well-polished metal surfaces is up to now not

completely understood although there are experiments ' ' J in which it is

clearly demonstrated that protrusions can be formed as well as destroyed by ion

and particle impact.
The role of microparticles or clumps has been discussed in the literature

for over 40 years, but one of the main problems is that in practical vacuum
devices the mean velocity is far below the elastic limit. Some theoretical ex-
planations concerning this problem have evolved over the last decade ' ' '
IV)

2. Problems studied, summary of the results

The main part of this thesis is dedicated to the field enhancement factor; in

particular to the study of the origin, alteration and influence on the break-

down properties of different materials. This work required the examination of

large surface areas on the same microscopic scale on which the relevant pheno-

mena occur.

In Chapter II (pre) -breakdown measurements are described in which the

anode condition does not play a role in the initiation of a breakdown, while

the cathode can be considered as a broad-area electrode. The field enhancement

factor can be decreased by ion bombardment if the ions are produced by field

emission electrons in the neighbourhood of the emitting tip. At high electric

field strengths a deconditioning took place. In Chapter IV a more detailed

experiment and explanation is given dealing with the problems after the elec-

trodes had been conditioned by ion bombardment.

The breakdown mechanism could well be described by the cathode initiated

field emission breakdown mechanism. The microscopic breakdown field strength

depends on the emitting area in contrast to the constant microscopic breakdown

field strength theory of Alpert and Tomaschke ', but in agreement with other

work43).

It is discussed whether the Nottingham heating effect can play an im-

portant part in the initiation of a breakdown. Experimentally the transition

temperature at which Nottingham heating passes into cooling is lower than the

temperature predicted by the theory based on the free-electron model.

In Chapter III the influence of adsorbed gases on pre-breakdown currents



is investigated. It .̂s shown that ions, released by field emission electrons

from adsorbed layers on the anode change the emitting properties of a well-

conditioned cathode if the current density at the anode is small. For a needle-

hemisphere configuration and also for plane-parallel electrodes with the

cathode at high-voltage this ion-bombardment results in the so-called "build-

up" phenomenon: ordered displacements of surface atoms because of the exis-

tence of an electric field.

In Chapter IV a new experimental arrangement is described to better dis-

tinguish between the different parameters which are important for the initia-

tion of electrical breakdown. Four electrodes were mounted in such a way that

every combination could be made of one cathode and one anode. It is definitely

shown that high field enhancement factors occurred after applying an electric

field between a well-conditioned cathode and a new anode. In a scanning elec-

tron microscope the electrodes were examined before and after applying an

electric field, and it is made plausible that the increase in 6 is due to

damage of the cathode by particle impact. Electrical breakdown by particle im-

pact occurred only when the microscopic field strength after impact exceeded a
9 -1critical calue, which equals •*- 7 x 10 Vm .

For this electrode geometry the breakdown properties after conditioning

by ion bombardment were also studied. It was found that g decreased through

direct ion bombardment (as was also found for the needle-hemisphere configu-

ration), but that the macroscopic breakdown field strength E = Vv/d did not

alter: if the field strength exceeded the maximum value at which the electrodes

were conditioned by sparks, clumps were released and the field enhancement

factor increased after impact, while the microscopic field strength was well

above the critical value.

In this chapter an analytic formula for the surface temperature of a clump

approaching the cathode is also derived.

In Chapter V comparative measurements between stainless steel and titanium

electrodes are described to study the influence of either the cvithode or the

anode upon the initiation of a breakdown. For titanium electrodes the current

just before breakdown was about three times that for stainless steel elec-

trodes. The cause of this difference must be sought in the anode. The micro-

scopic breakdown field strength was a function of the emitting cathode area, as

derived from Fowler-Nordheim plots. This dependence suggests that the break-

down was initiated by thermal instabilities at the anode due to field emission



electrons. This is consistent with a theoretical analysis.

In Chapter VI is described how two cathodes had been examined in a scan-

ning electron microscope. The dimensions of the emitting places are of the or-

der of 10 m . To have any succes in finding such places the cathode surface

was chosen a factor 10 smaller than that of normal broad area electrodes, but

still large compared to the emitting area.

The two needle cathodes were prepared in different ways and were examined

in a scanning electron microscope before and after electrical breakdown in

ultra-high vacuum. On one, very carefully prepared cathode no protrusions could

be found. On the other cathode a few non-metallic protrusions were present.

After a few breakdowns four types of crater were found on the cathodes, three

of which were situated at places where prior to breakdown, protrusions, in-

clusions or scratches and holes had been detected. After many breakdowns the

rims of craters can act as field enhancing projections and the erosion occurred

by preference at these places.
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Chapter %

CONDITIONING OF A VACUUM GAP BY SPARKS

AND ION BOMBARDMENT

G.P.BEUKEI4A

Fysisch Laboratorium, Rijksuniversiteit Utrecht, Nederland

Received 27 December 1971

Synopsis
The influence of sparks and ion bombardment on the emitting properties of the electrodes

and consequently on the breakdown voltage of a vacuum gap are investigated. The cathode used
was either a stainless steel or a copper needle (radius of the tip 0.10 and 0.1S mm, respectively).
The anode was a hollow hemisphere (radius IS mm) of stainless steel. It appears that the field-
enhancement factor /S can be reduced by sparking from about 100 to 10 for the stainless steel
cathode and from about 120 to 30 for the copper cathode. By ion bombardment yS further
decreases to 7 and 20, respectively. When the cathode is conditioned by ion bombardment, there
is a deconditioning without breakdown at very high electric fields.

1. Introduction. The condition of the cathode is very important for the insulating
properties of a vacuum gap. For plane-parallel electrodes and small gaps (d< lmm)
the electrical breakdown can either be cathode- or anode-initiated, but in both
cases the prebreakdown field-emission current is determined by the properties
of the cathode. These properties can be expressed in terms of the work function (j>
of the cathode material, the field-enhancement factor /? and the emitting area A
of protrusions on the cathode. They can be altered by admitting either an active
gas (change of <j>) or an inert gas to a pressure of, say, 10~4 torr (change of/3 and
A by ion bombardment) and by sparks (change of j5 and A).

The electrodes are often conditioned by sparks; these sparks increase the break-
down voltage. The conditioning is a result of blowing up protrusions by their own
field-emission current or by a bombardment of the cathode with anode material.
When the cathode is conditioned, /? decreases and the breakdown voltage rises,
reaching a more or less stable value after a number of sparks. However, if /?
decreases, the probability of a nanode-initiated breakdown increases1) for plane-
parallel electrodes. Below a certain value of /S, the breakdown becomes anode-
initiated and the condition of the cathode is influenced by the anode. The bombard-
ment of the cathode by anode material can create new protrusions2). This means
that conditioning of plane-parallel electrodes by sparks has a limit, which does
not necessarily coincide with the lowest possible value of p. Another method to



increase the breakdown voltage of a vacuum gap is to bombard the cathode with
heavy particles. Some authors3-4) have tried to condition the cathode by a gas
discharge, but they did not find a significant decrease of /?. Alpert and Tomaschke5)
used a pressure rise, which at a given voltage V was smaller than the pressure
derived from the Paschen curve at the same value of V. Then, the conditions for
the ignition of a gas discharge are not fulfilled. For tungsten, a decrease of /? by
a factor of 5 was found, but the authors did not report the consequences for the
breakdown mechanism and what happens at voltages just below the onset of a
spark.

Recent measurements of Janssen and 2 on? * • .»••-, that the tip radius of a field
emitter decreases by ion bombardment; at & fkc<i voltage they find an enhanced
emission, because the local field at the tip is proportional to 1,/r and the emitting
area to r2. Hence, the preexponential term of the Fowler-Nordheim equation is
not altered, but the exponential term increases. It should be noted that the purpose
of Alpert's investigation was to lower j? and that of Janssen and Jones to lower
the radius of the field-emitter tip, i.e., to enlarge /? by ion bombardment.

To investigate the conditioning of a stainless steel and a copper cathode by
sparks and ion bombardment without the influence of anode material, we used
a small cathode, viz. a needle with a tip radius of about 0.1 mm. This surface is
still large compared to a protrusion. The tip is fixed in the centre of a hollow
hemispherical anode.

2. Theory. 2.1. The Fowle r -Nordhe im equat ion . According to one of
the theories for electrical breakdown in vacuum, breakdown caused by field-
emission electrons occurs either by thermal instabilities on the cathode (cathode-
initiated breakdown) or on the anode (anode-initiated breakdown). These elec-
trons are assumed to be emitted from protrusions on the surface of the cathode
and to obey Fowler-Nordheim's equation7):

j - '•54»1°-6£- e sp (_ 6.83 x ,0' i ^ W ) fin AM. (I)

where j is the current density in A/m2, E is the electric field in V/m at the emitting
site, <j) is the work function of this site in eV. t(y) and v(y) are elliptic functions of
the parameter ys), which is a function of the electric field and the work function:

y = (3.79x10" 5£*)/tf>. (2)

If the emitting site consists of « protrusions on the surface of the cathode with
work functions <£,, field-enhancement factors /?, and emitting areas At(i=\ n)
respectively, the total current / is given by the relation:

/ = 1.54 x 10-1 £*&- exp ["-(6.83 x 10' . C E M Y I (in A), (3)

where Eo is the macroscopic field, i.e., for plane-parallel electrodes Eo = Vjd.



If one protrusion is responsible for the current, eq. (3) gives for an electric
field E = PEO:

4>'2O0
- 2.95 x 109 1

Eo

A graph of log 1/El versus l/£0 (Fowler-Nordheim plot) yields a straight line
with slope m:

J
(5)

with s(y) — v(y) — \y [di(y)/dy] s(y) is a slowly varying function of yB). In the
field range used for d.c. field-emission experiments up to 10~6 A, s(y) varies only
a few percent and is about 0.95. We have taken s(y) = 0.95 and t(y) = 1 over
the whole field range. The field-enhancement factor /3 can be calculated from (5).

For the calculation of the emitting area A from a Fowler-Nordheim plot, one
must take into account that v(y) is a function of E and <j>. In the field range used
for d.c. field-emission experiments up till 10~6 A, r(y) varies between 0.73 and 0.54
(see fig. 1).
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Fig. 1. Full curve: v(y) as a function of the electric field E for <£ = 4.5 eV. Broken curve: the
approximation v(y) = 0.956 — 1.062y2.



For current densities between 10s A/m2 and 108 A/rn? the following approxi-
mation for v(y) is sufficiently accurate:

v(y) = 0.956 - 1.062.y2,

and instead of (4) we can write

log - ^ - = log 1.54 x lO"6 Z-2- _ 2.81 x 10'•¥ - .

(6)

(7)

If eq. (6) is used instead of v(y) = 1, as has often been done9'10), a reduction
in the calculated emitting area of about a factor 100 is found.

Another method to calculate A from a Fowler-Nordheim plot is to use Dolan's
tables11). But this method is unsuitable to calculate p and A with help of a simple
computer programme.

2.2. Breakdown in i t i a t ion by field-emission electrons. For plane-
parallel electrodes we must take into account heating of the anode by the field-
emission electrons. The total power input, IV, due to the field-emission current
is dissipated by the anode. Calculations of the critical power input912) are based
on a uniform disk-heating model with infinite heat sink. But it is questionable
whether the disk-heating model may be applied. If v(y) is taken according to eq. (6)
the calculated emitting area is about a factor 100 smaller than for v(y) = 1. Then,
the radius of the bombarded area can be of the same order of magnitude as the
depth of penetration of the electrons arriving at the anode13).

Because it is sometimes difficult to derive the breakdown mechanism from the
experimental da.a and to avoid any influence of the anode material on the emitting
properties of the cathode, we have taken an electrode configuration as shown in
fig. 2. Local heating effects at the anode can be neglected in this configuration.

to electrometer

to linear _
motion

feedthrough

to H.V.
feedthrough

to ion getter pump

Fig. 2. Electrode configuration; the cathode is a needle of stainless steel or copper with tip
radius 0.10 and 0.15 mm, respectively. The stainless steel anode has a radius of 15 mm.
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At the cathode, resistive and Nottingham heating of the protrusions occur due
to the field-emission current.

The two protrusion models mostly considered in literature are a truncated cone
and a cylinder both topped by a hemisphere. For the field-enhancement factor the
following expressions have been derived12-14). /? = h/2re + 5 for a truncated cone
with half angle 10° and /3 = A/rc + 2 for a cylinder, where h is the height of the
protrusion and rc is the radius of the tip.

From the investigations by Vibrans14) we derived an expression for the critical
current Ie at which melting of the cylindrical protrusion occurs by resistive heating
alone:

L ^ _J— (in A) . (8)

For a truncated cone (0 = 10°) the critical current is given by the equation:

I, = 0.nc(— TZA\ (in A). (9)(—

Here, C is a constant which can be obtained from graphs given by Vibrans14);
for copper and stainless steel C — 14.5. Further, a is the thermal conductivity in
Wm~1K~1, go the resistivity in Qm at 20°C, A is the emitting area in m2 and /?
is the field-enhancement factor.

The failure of the resistive-heating theory to explain several experimental facts
led to further studies of the basic physical situation and to recognition of a second
energy-exchange process, the Nottingham effect, which for most materials has an
even greater influence on tip temperature than resistive heating15).

The Nottinpham effect corresponds to absorption by the lattice of an average
amount of energy equal to the difference between the average energy <«> of the
emitted electrons and the average energy <«'> of the charge carriers which fill the
vacancies created by the emitted electrons. In the case of field emission, heating
occurs at low temperatures changing to cooling above a transition temperature
Te. Taking into account the energy distribution of the emitted electrons, Char-
bonnier et al.ls) have calculated the transition temperature and found:

Tc = 5.32 x l O " 7 ^ - * (in K), (10)

where E is in V/m and $ in eV.
Formula (10) is only true if <«'> is equal to the Fermi energy EF. Experimental

results by Swanson et al.16) indicate that the experimental value Tc exp is well
below Te according to eq. (10). An anomalously low inversion temperature was
obtained both for clean and for zirconium-oxygen-coated tungsten. The observed
difference between <«'> and £ F is attributed to the fact that conduction processes
in tungsten are not well described by the free-electron model as is done for the
derivation of Tc.
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We do not know whether the conduction processes in copper and in stainless
steel can be described by the free-electron model, but we started with the assump-
tion that it is allowed (as is also done in the derivation of the Fowler-Nordheim
equation) and we suppose that <M'> = EF. When Te is at least 10% above the
melting temperature Tm of the cathode material, the critical power for melting a
protrusion by field-emission (Nottingham) heating can be calculated. At low
temperature the amount of energy q given to the lattice for each emitted electron
is given by the equation15)

q = 1.475 x 10-29£#""* (in J). (11)

For a current density j the power density Q is given by

Q = 9.2 x 10- lljE(l>~* (in W/m2). (12)

For E = pV/r we calculated the critical power Pec at which melting of the pro-
trusion occurs by Notiingham heating.
For a cylinder:

Pcc = (SlxT^A*/?2) x 10s (in W); (13)

for a truncated cone:

Pcc = (4.GitTmr<l>*Ai/P) x 107 (in W ) . (14)

3. Apparatus. The electrode system is schematically shown in fig. 2. The
cathode is a nerdle of stainless steel or copper, with tip radius of 0.10 mm and
0.15 mm, respectively. The anode is made of stainless steel. The cathode can be
moved axially and is adjusted in such a way that the centre of the cathode tip
and the centre of the anode coincide. The anode is polished to a mirror finish;
the cathode is polished in a similar way.

The stainless-steel vacuum chamber is connected to a 501/s ion getter pump.
The vacuum system is baked out at 400 °C for about 60 hours on a mercury
diffusion-pump system with two liquid-nitrogen traps at a pressure of about
1 x 10"6 torr. After closing the valve to the mercury diffusion pump and starting
the ion getter pump, the pressure falls down to 1 x 10~9 torr. For measuring the
influence of ion bombardment the ion getter pump was replaced by a turbo-
molecular pump and the end pressure is 2 x 10"9torr. The total pressure is
measured with a Bayard-Alpert ionisation gauge; in some measurements the
partial pressure is measured with a quadrupole mass spectrometer.

The voltage is supplied by a transformer with rectifier giving an output of max.
90 kV d.c. with a ripple smaller than 1 %. The prebreakdown current is measured
either with a Philips [x-voltmeter (10~ I 0-10~2 A) or with a Keithly electrometer
601 (10- l o-10-6A).
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4. Experimental results. 4.1. Conditioning by sparks and ion bom-
bardment. The basic pressure of the vacuum system is 1 x 10~9 torr. In order
to obtain this pressure and to maintain stable prebreakdown currents, it is
necessary to bake out the system. Then the bake-out currents are measured, which
are in very good agreement with the Fowler-Nordheim relation (1). Only the first
series of measurements give sometimes a plot, deviating from a straight-line. It
seems that during the first voltage rise, a slight conditioning of the cathode occurs
(see fig. 3). The Fowler-Nordheim plot was generally measured from lO"10 A
to 10""6 A; jS and A were calculated from this plot, assuming a value for the work
function of stainless steel 4.7 eV and of copper 4.5 eV,

Fig. 3. Some Fowler-lWdheim plots for stainless steel. 1: /? = 101; A = 5.7 x 10 ~17 m2, first
measurement. 2:_/J=_101; A — 3.8 X_10r18m2, second ^measurement. 3_: fi = 67; ,4 = 7.2

third measurement. 4: 0 = 53; A = 1.2 x 10"16m2 after 1 spark. 5: p = 27;
A = 1.1 x 10-16 m2 after 6 sparks. 6: p = 10; A = 4.5 x 10"15 m2 after 20 sparks.

ta1 electrodes in vacuum can be conditioned by sparks, because protrusions
on the surface of the cathode are then destroyed by the field-emission current
and by bombardment with anode material. However, the latter procedure can
create new protrusions, resulting in a lower limit for /?. Furthermore it is shown
by Alpert et al. that high electric fields can cause protrusions2).

If the geometry of the electrodes is such that an anode-initiated breakdown is
unlikely, we expected /J to decrease more than for plane-parallel electrodes. For
the electrode configuration of fig. 2 the field E at the cathode surface is flV/r,
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where r is the radius of the tip (= 0.10 mm for stainless steel and 0.15 for copper);
it is not expected that a breakdown will start at the anode.

To investigate the conditioning by sparks the current-voltage characteristic was
measured from 10~10A upwards until breakdown occurs. This was repeated
until the breakdown voltage no longer increased. If the breakdown voltage
remains constant during at least 10 sparks the electrodes are assumed to be fully
conditioned. Because the field-enhancement factor /? is a rather good indication
for the condition of a vacuum gap, fi was measured as a function of the number
of breakdowns and plotted in fig. 4. For stainless steel /} decreases very rapidly
to about 10 and after prolonged sparking to about 8. For copper the lowest value
measured for /? was about 30. Thus, for this electrode configuration and for stain-
less steel and copper cathodes /? is a factor 5 and 2, respectively, lower than for
plane-parallel electrodes13).

To investigate the effect of ion bombardment on the emitting properties of the
cathode, a Fowler-Nordheim plot was taken before the bombardment at a pres-
sure of 2 x 10"9 torr. Then argon was introduced in the vacuum system at a
pressure of 1 x 10~3 torr. This pressure was maintained by pumping with a turbo-
molecular pump. The voltage V necessary for maintaining a constant prebreak-
down current Io was measured as a function of time. It appeared that V increases
towards a new value Vm. In fig. 5 V/Vo is plotted as a function of time. From this
figure it appears that Vm\V0 is larger if/0 is larger.

If the current did not change any more, the voltage was reduced to zero, the
argon was pumped away with the turbomolecular pump, and a Fowler-Nordheim
plot was measured at a pressure of 2 x 10"9 torr. Some values of /? and A before
(/Jj and A{) and after conditioning (/82 and A2) by ion bombardment of a copper
cathode for the plots of fig. 5 are mentioned in table I.

TABLE I

Field-enhancement

/o
(A)

1 x 10-9

1 x 10-8

1 x 10-6

1 x 1 0 s

factors

54.5
54.5
59.2
54.5

and emitting areas

Pz

53.5
20.0
17.6
24.6

before and after

At
(m2)

2.5 x ! 0 - 1 6

2.5 x 10~16

3.1 x IO-17

2.5 x 10- t 6

ion bombardment

A2
(m2)

1.7x10-"
1.5 x IO-15

9.4 x 10-16

3.5 x 10- t 8

After ion bombardment the field-enhancement factor is always lower, but the
value of the emitting area after bombardment is unpredictable. For the stainless-
steel cathode the phenomena are about the same as for copper. The only difference
is that A2 is always larger than At and the minimum value for /? is 7.
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The ions bombarding the protrusion are most likely produced in the neigh-
bourhood of the emitting area, where the field is strongly inhomogeneous. The
distar.ce over which the field is strongly divergent is about rc

17), where rc is the
radius of the emitting area. So the maximum ion-sputtering voltage is. of the order
Vs = ((iVlr)rc, which for the measurements of table I is between 70 and 10 V.
For stainless steel Vs is between 200 and 20 V. This may be an argument that the
field-enhancement factor after sputtering is lower for stainless steel than for copper.

It is evident from fig. 5 and table I that the ratio Vmj VQ is not a measure for
the ratio /32//?i, because the alteration in the emitting area is not predictable.

Probably, emitters with a. very small emitting area (A < 1 x 10"17 m2) are
unstable. For instance, in the example mentioned in the last line of table I, the
Fowler-Nordheim plot was measured for currents up to 10"7 A. The same plot
was measured again 24 hours later. Up to a current of 10~7 A both plots were
the same, indicating that a pressure of 2 x 10"9 torr does not change the emitting
properties of the cathode for a period of 24 hours. However, if one increases the
current to 3 x 10" 7 A only a very small voltage increase is necessary. The Fowler-
Nordheim plot measured afterwards gave a straight line up to 10~6 A; /? and A
calculated from this plot were 18.5 and 4.2 x 10"16 m2, respectively. So, without
any breakdown, ft was reduced by a factor $ and A increased by a factor 120.

In conclusion, ion bombardment of the cathode reduces /? considerably. Because
the alteration in the emitting area is not predictable, a Fowler-Nordheim plot
must be measured to get information about the emitting properties of the cathode.
A high ratio of Vm to Vo is not always a proof for a very well-conditioned electrode
system.

4.2. Decond i t ion ing after ion bombardment at high electric fields
without b reakdown. In the previous section it has been shown that ion bom-
bardment causes a better condition of the cathode surface than sparking, assuming
"that ft is a measure for the conditioning: the lower the /?, the better the condition-
ing of the electrodes.

As mentioned in section 4.1 it appears that if the emitting area is very small
(between 10"1 8 and 10"17 m2), there is a transition to another state (with lower
(} and much higher A) at low currents (10~7 A) without any indication of a break-
down. One cannot say this transition is a deconditioning, because a lower /S and
a larger A is an advantage from the point of view of the breakdown induced by
field-emission electrons. But it seems that after ion bombardment the breakdown
mechanism is altered and can better be described by the Cranberg mechanism13).

Also in the case of a reproducible Fowler-Nordheim plot (up to 10~6 A) it is
not possible to maintain currents larger than 10"7 A for a long time at a constant
voltage. Both for the copper and the stainless-steel cathode it is necessary to
decrease the voltage continuously to maintain a constant current at a value above
10~7A.
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The values of/S and A before and after deconditioning 02 resp. /53, A2 resp. A3)
for some measurements are mentioned in table II. The time to reach /?3 is a func-
tion of/0 and is about 10 min for a current of 3 x 10~4 A and about 50 min for
a current of 10"6 A.

TABLE II

Field-enhancement factors and emitting areas before and after deconditioning
for different currents

• i 'o a o A2 A3

Material (A) ft ft (nj2) (m2)

Copper l x l O - 7 20.5 20.6 1.5 x 10~15 1.1 x 10~15

Copper 5xlO~ 5 17.5 60.4 9,4 x 10~15 1.1 x 10~17

Copper . l x l O " 4 19.0 42.0 6.3 x 10~16 1.9xlO~17

Copper 3 x 10-* 20.6 52.0 I.I x lO"15 1.8 x 10-1 6

Stainless steel 1 x 10~6 11.8 23.5 4.3 x 10~16 3.2xlO~17

Stainless steel 1 x 10~6 7.5 46.6 7.1 x 10~ l s 3.0 x 10~18

Stainless steel9 1 break-
down 46.6 9.0 3.0 x l O - 1 8 1.7 x lO" 1 4

a•/? and A before and after breakdown, if the cathode is deconditioned by the electric field.

In the last line of table II the values of 0 and A before and after breakdown are
given if the cathode is deconditioned by the electric field.

Summarizing, bombardment of the cathode by Ar ions decreases the field-
enhancement factor efficiently, resulting in an increased breakdown voltage. After
one breakdown the condition of the vacuum gap is the same as after spark con-
ditioning. At high electric fields there is a deconditioning effect after ion bombard-
ment which is not found after spark conditioning. After deconditioning by the
field, /? increased by more than a factor 3 and sometimes even a factor 6. So,
conditioning of a vacuum gap by ion bombardment is only useful if one break-
down is allowed and the pre-breakdown current does not rise above 10~7 A for
a long time (i.e. one hour).

4.3. Breakdown in ultra high vacuum. For the configuration of the
electrodes of fig. 2 only cathode-initiated breakdowns can be expected. After the
experiments no traces were found on the anode surface, as in the case of plane-
parallel electrodes. The measurements indicated indeed, that the breakdown
mechanism is cathode-initiated; the maximum prebreakdown currents /„ are
between the values Ie (cyl) and /c (cone) (cf. section 2.2). The maximum power
just before breakdown is far above Pcc. Hence, one must conclude that the Not-
tingham heating effect as given in the formulae (13) and (14) is not correct. The
transition temperature Te must be lower than that given by (10). Both for cop-
per and stainless steel Te is well below the melting temperature and Nottingham
cooling occurs at breakdown.
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TABLE III

Breakdown parameters for copper determined from the combined measurements
of prebreakdown characteristics and breakdown voltage

A
(m2)

/=(cyl)
(mA)

/c (cone)
(mA)

*c (cyl)
(W)

Pcc (cone)
(W) (mA)

* exp
(W)

42.5
54.0
29.9
30.8

1.5 x lO~ 1 7

1.0 x l O - 1 6

1.1 x l O - 1 6

2.8 x l O - 1 6

0.38
0.76
1.48
2.28

2.59
6.68
7.01

11.19

0.15
0.25
0.84
1.26

0.59
1.19
2,26
3.50

0.5
0.6
3.0
2.5

14
16

118
88

TABLE IV

As table III, but now for stainless steel

A
(m2) (mA)

/c(cone) .Pcc (cyl) Pcc(cone) /„
(mA) (W) (W) (mA)

' exp
(W)

10.1
9.4

46.6
12.1

3.0 x l O - 1 7

2.6 x l O - 1 6

3,0 x 10- 1 8

1,2 x 10- 1 6

0.08
0.27
0.004
0.13

0.12
0.34
0.032
0.23

0.14
0.48
0.002
0.20

0.13
0.41
0.009
0.21

0.12
0.35
0.03
0.22

10
25
0.8

16.4

10
-2,.

Fig. 6. Maximum prebreakdown current /b for different
emitting areas: • stainless steel; O copper.

0.8 1.0 1.2 1.4 1.6
— i(X1O1Om/V)

Eb

Fig. 7. Variation of \/Eb with
emitting area A: • stainless

steel; O copper.
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Some measurements and matched values of the critical breakdown parameters
are given in table III (for copper) and IV (for stainless steel).

From the measurements it is clear, that for the copper cathode the maximum
prebreakdown current /„ lies between /„ (cyl) and /„ (cone); it is suggested that
the emitting protrusions have shapes like a truncated cone with half angles
between 0 and 10°. The protrusions on a stainless-steel cathode can be described
as truncated cones with a half angle of about 10°. This is confirmed by fig. 6 and
fig. 7. In fig. 6 Jb is plotted as a function of the emitting area. It is expected from
(8) and (9) that if the protrusions have always the same shape, log /„ versus log A
is a straight line with slope J. If the shapes vary the spreading of the points is
large. The plot log Ib vs. log A for stainless steel is in rather good agreement with
(9), while the points for copper show a large deviation. In fig. 7 log A is plotted
as a function of l/Eb. For cylinders Eb must be almost constant for different areas
(if Nottingham heating is neglected), except for large variations in the height of
the protrusion. If the protrusions are truncated cones with constant half angle,
Eb is a function of the emitting area. Because we do not know the exact shape of
the emitting protrusions we can only indicate that the variation of Eb with A, as
expected for truncated cones, is in agreement with fig. 7.

5. Discussion. 5.1. Temperature and space charge effects. The cur-
rent-voltage characteristics plotted as Iog(lr2/V2)vs.(r/V) are mostly straight
lines from 10"10 A upwards until breakdown occurs. Only above 10"* A there
is sometimes a slight deviation from the Fowler-Nordheim equation in such a
way, that the current rises less than predicted by eq. (7). The Fowler-Nordheim
equation (1) was derived for zero temperature. At finite temperature there are
electrons above the Fermi level and these are more likely to penetrate the potential
barrier. If8)

E > 8.83 x 105<£*r, (15)

eq. (1) may be extended to:

. _ . izkT/d
JT ~ J° i

where ja is the current density of eq. (1) at zero temperature, k is the Boltzmann
constant and d can be approximated by q of eq. (11), divided by the electron
charge e.

In fig. 8 E = 8.83 x lO50*r is plotted for 0 = 4.6 eV. Above this line eq. (16)
holds for the current density j T as a function of E, $ and T. Because measurable
field emission starts at a field of about 3 x 109 V/m it is seen that for copper and
stainless steel eq. (16) may be applied up to breakdown.

19



For the derivation of the eqs. (8) and (9) it was assumed that, if the temperature
of the emitting protrusion reaches a value of 800 K by its own field emission
current, an instability occurs. At this temperature and at a field of 7 x 109 V/m
the current density i s j r » l . l j 0 . At this high electric field the current density
reaches a value of about 1012 A/m2 and space-charge effects cannot be neglected.
They lower the current density in comparison with eq. (1). Temperature and space
charge at high electric fields have opposite effects and it is not possible to draw
conclusions from a Fowler-Nordheim plot about the temperature of a protrusion
at the onset of breakdown.

(XiO"9V/m)

O 500 1000 1500 2000 2500 3000
— T(K)

Fig. 8. E = 8.83 x 05 <f&T for <£ = 4.6 eV. Above this line eq. (16) holds for the current
density j T as a function of E, <f> and T.

5.2. Effect of the value of the work funct ion on the b reakdown
mechanism. As mentioned in section 4.1, the work function 4> of the cathode
material is taken 4.5 eV for copper and 4.7 eV for stainless steel.

The influence of variations in the work function on the calculated emitting area
can be neglected if 4 < (j> < 7 eV.

The field-enhancement factor /? varies with (j>3/2 and so Ic (cyl) with 0~3 / 2 .
Ic (cone) does not vary with <j&. Because the exact shape of the protrusions is not
known, we cannot derive the real value of tj> from the measurements.

The influence of the variation of <j> on the transition temperature Tc [eq. (10)]
is much more important. From eq. (10) it follows that

Tc = 5.32 x 1 0 - 7 - ^ - ^ - * « 4>.
r

In the tables V and VI E and Tc are given for some values of 0.
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TABLE V

Electric field E, transition temperature TQ and melting tem-
perature as functions of the work function <f> for copper

E Tc Tm

* (V/m) (K) (K)

4.5
4.3
4.0
2.4

1.0 x 1010

9.4 x 109

8.4 x 109

3.9 x 109

2500
2390
2224
1332

1356
1356
1356
1356

Table V shows that only for an unrealistically low value of the work function
Te < Tm and we must conclude that the theoretical value Tc is not correct. A work
function of 4.0 eV for stainless steel might be possible. However, it is not clear
why the free-electron model should hold for stainless steel and not for copper.

TABLE VI

Electric field E, transition temperature Tc and melting temper-
ature as functions of the work function <f> for stainless steel

E Tc Tm

* (V/m) (K) (K)

4.7
4.5
4.3
4.0

8.0 x 10'
7.5 x 10'
7.0 x 10'
6.3 x 109

1963
1880
1796
1670

1723
1723
1723
1723

6. Conclusions
1. By a configuration of the electrodes in which the anode does not play a role in

the breakdown mechanism, the field-enhancement factor /? can be reduced by
sparking to about 10 for stainless steel and 30 for copper.

2. Ion bombardment of the cathode surface reduces /J to 7 and 20, respectively,
if the ions are formed by field-emission electrons.

3. At high electric fields, particularly if the current is > 10~7 A, there is a de-
conditioning.

4. Ion bombardment is only useful if not more than one breakdown is allowed
and no currents > 10"7 A are admitted for a long time.

5. The breakdown mechanism can be considered as cathode-initiated.
6. It seems that the transition temperature at which Nottingham heating passes

into Nottingham cooling is lower than the temperature predicted by the theory
based on the free-electron model.
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Abstract. It is demonstrated that ions released from adsorbed layers on the anode by
field emission electrons change the emitting properties of a well-conditioned cathode,
if the current density at the anode is small. If the field emission current density at the
anode is greater than 10 A trr2, as is the case for plane-parallel electrodes with the anode
as high-voltage electrode, no change could be measured. For point-hemisphere elec-
trodes (for which the field emission current density at the anode is much less than
10 A m~z) it is suggested that surface migration as a result of ion bombardment is
responsible for the alterations in the emitting properties of the cathode.

1. Introduction

From experimental investigations of the past few decades, it is clear that the environment
of the electrodes has much influence on vacuum breakdown.

Although from the point of view of the kinetic gas theory a pressure of less than
10~4 Torr should be low enough for the insulating properties of a vacuum gap, the clean-
liness of surfaces (of the electrodes as well as of the walls of the vacuum system) influences
the prebreakdown current. Measurements with non-outgassed electrodes and vacuum
system have shown that the prebreakdown current is not in agreement with the Fowler-
Nordheim theory for field emission (Biradar and Chatterton 1970).

It is believed that during the measurement of a Fowler-Nordheim plot the emitting
properties of the cathode are altered by ion bombardement of the cathode surface,
resulting in the destruction of emission sites and in the creation of new ones. Because of
the ionization of gases desorbed from the anode by the field emission electrons, these
ions obtain energies corresponding to the voltage between the electrodes consequently
in the order of 10-100 keV.

k In order to reduce the quantity of absorbed gases on the electrodes and the walls of
the vacuum system it is necessary to bake out the whole system. To obtain a low pressure
and a clean vacuum system it is usual to pump with an ion getter pump. Because it is
not always possible to bake out the system while pumping with the ion getter pump, one
must use another high-vacuum pump. It is questionable whether the choice of a high-
vacuum pump for pumping during bake-out has influence on the composition of the
adsorbed gases in the vacuum system after bake-out and what the consequence is for the
emitting properties of the cathode.

The emitting properties of the cathode are described by the Fowler-Nordheim
equation (Fowler and Nordheim 1928). The slope of a Fowler-Nordheim plot is propor-
tional to -^3/2 p-xs(y), where <f> (eV) is the workfunction, j8 is the field enhancement
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factor, and s(y) is a tabulated function of the parameter y (Good and Miiller 1956),
which is a function of the workfunction ^ and the electric field E=BEo. If the experi-
mental Fowler-Nordheim plot is a straight line, B can be determined from the slope if
<f> and £b are known. For plane-parallel electrodes Eo— V/d, where V is the voltage and
d the distance between the electrodes, if the field between the high-voltage electrode and
the metal walls is neglected. If the cathode is at the same potential as the surrounding
metal walls of the vacuum chamber (normal polarity), this field is not important for
field emission; but if the anode is connected to the surrounding metal walls (reversed
polarity), the field between the cathode and the metal walls of the vacuum chamber
cannot be neglected (see figure 1). Also this field is enhanced at the cathode surface and

(a)

To linear

motion
feedthrough

To electrometer

I

To electrometer

TO HV
' supply

\b)

To linear
motion
feedthrough

^_ To HV

"" supply

To pump To pump

Figure 1. Plane-parallel electrode arrangement and schematic electric field for (a)
normal polarity and (b) reversed polarity.

may be of the same order of magnitude as the field of the plane-parallel electrodes. Field
emission electron; can collide with the metal walls of the vaccum system. These electrons
spread over a much larger surface then the electrons striking the opposite anode. Gases
adsorbed on the walls of the vacuum system are liberated and ionized. These ions are
bombarding the cathode and it is assumed that in the reversed polarity adsorbed gases
have more influence on the emitting properties than in the normal polarity.

To check the influence of gas liberated by the electron beam on the emitting properties
of the cathode, measurements were carried out with plane-parallel electrodes in the
normal and reversed polarity. Because in the latter geometry it was not possible to give
a value for the electric field between the cathode and the metal walls of the vacuum
chamber, measurements were also done with a small cathode (a needle, with a tip radius
of (M mm) and a hollow hemispherical anode with a radius of 15 mm. The electric
field betwefen' the cathode and the anode is known and the field emission electrons are
also spread much more than in the normal polarity for plane-parallel electrodes.

2. Experimental procedures and results

2.1. Plane-parallel electrodes

The electrode system consisted of a fixed electrode (the high-voltage electrode) and an
axially movable electrode, which is nearly on earth potential (at a maximum of 10 V
above earth potential). The electrodes had a Rogowski profile and were polished to a
mirror finish. The electrodes were made of stainless steel and the diameter was 7 mm.

The high-voltage power supply comprised a transformer with rectifier giving a
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maximum output of +90kV (normal polarity) with a ripple smaller than 1% .The
output of the high-voltage supply could be changed to a maximum of —90 kV by revers-
ing the rectifier (reversed polarity). The high-voltage source was connected to the fixed
electrode through a series resistor of 1 MQ. As a result of the profile of the electrodes
the macroscopic electric field in the central region was uniform and decreased outside
this central region. Only for electrode separations greater than 1 mm was the electric
field enhanced at the edges of the electrodes.

With reversed polarity the electric field between the anode and the surrounding
metal walls of the vacuum system (distance > 7 cm) is also enhanced at the surface of
the fixed electrode (which is now the cathode) as a result of protrusions and can lead to
field emission between the fixed electrode and the metal walls of the vacuum system if
the field strength is greater than 2 x 109 V rcr1. In figure 1 the configuration of the electric
field is schematically shown for both polarities.

The stainless steel vacuum system was baked out at 400 °C for about 60 h on a mercury
diffusion pump system with two liquid nitrogen traps at a pressure of about 10~6 Torr.
After the metal valve to the mercury diffusion pump was closed, the 50 litre s - 1 ion
getter pump was started and the pressure decreased to below 10~9 Torr. If the ion getter
pump was switched off, the pressure increased slowly by degassing of the walls. The
rate of rise of pressure in the system was less than 2 x 10~10 Torr s-1.

After the electrodes were conditioned in the normal polarity by sparks, the field
enhancement factor j3 decreased from about 100 to 40. The field enhancement factor j8
was constant for gap spacings up to 1 mm and increased slowly for larger gap separations
d. For rf>l'5mm it was not possible to measure Fowler-Nordheim plots, because
the maximum available voltage was not large enough to give a field strength
E> 2 x 109 V m"1 at the cathode surface.

To investigate the influence of free and adsorbed gases on the emitting properties
of the cathode a constant voltage Vo was applied, the ion getter pump was switched off
and the field emission current was recorded as a function of time. At normal polarity
no changes in the current were found during several hours. At the end of the experiment
the total pressure had increased to about 4 x 10~7 Torr. These measurements were done
for different initial currents h (from lO"10 A up to 10~5 A). Above 10~4 A it was difficult

150

/(min)

Figure 2. Current variation at a constant voltage of 25 kV as a function of time during
pressure rise (reversed polarity). At A the voltage was for a short moment 40 kV; at B
the pump was started; at C the voltage was again increased to 40 kV for a short moment
and the pump was switched off.
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to hold d constant because of the thermal expansion of the anode support. Also the
rate of rise of pressure dP/df was independent of 7o. If the polarity was reversed the
phenomena were completely different. Even at gap separations d> 5 mm it was possible
to measure currents greater than 1(H0 A. For example: at a gap of 7-5 mm and a voltage
of 60 kV a current of 10~8 A was measured. F-N plots of log 7/F2 against I/V were
parallel for different gap spacings and coincided for rf>2-5mm, indicating that the
electric field that was responsible for the field emission was not defined by the electrode
separation. From figure 1(6) it is clear, that the field between the fixed electrode (now
cathode) and the surrounding metal walls of the vacuum system was very important.
For large gap spacings the anode caused only a slight perturbation of the electric field
and we measured only a fraction of the total current.

If, still with reversed polarity, a constant voltage VQ was applied and the pump was
shut off, the prebreakdown current increased and dP/dt was a function of the current.
When the voltage was raised for a moment up to 40 kV and then reduced to its initial
value (25 kV) the current started again at its initial value and rose once more. This is
illustrated in figure 2: at *=0 the ion getter pump was shut off. After 5 min the current
started to increase to a new value /max=5/o. At point A the voltage was increased to
40 kV for a short moment and reduced to VQ. The current started again at To and in-
creased more rapidly to /m a x = 5/o. At point B the pump was started, the total pressure
decreased to below 10~9 Torr but the current did not change, only the rapid fluctuations
in the current decreased. In point C the voltage was increased again to 40 kV for a short
moment, the ion getter pump was switched off and the current increased as at the begin-
ning of the experiment at / = 0 . It appeared as though in point A the emitting area was
increased by a factor 5 just as the total current. The total current Ic between the cathode
and the surrounding metal walls behaved like the current between the cathode and the
anode.

2.2. Needle cathode, hemispherical anode

The phenomena described in the previous section were further investigated in an elec-
trode configuration with a sharp point as cathode. The tip of the cathode, which had a
radius r of 0-1 mm, was located at the centre of a hemispherical anode with a radius of
15 mm (see figure 3). The cathode and the surrounding metal walls of the vacuum
system were at earth potential; so the electric field, which is important for field emission,

To electrometer

To linear
motion
feedthrough

Glass

—To HV
— feedthrough

_3
To ion getter pump

Figure 3. Electrode configuration: needle cathode, hemispherical anode.

26



had a nearly ideal shape in comparison with the field in the reversed polarity for plane-
parallel electrodes.

The electrodes and the vacuum system were treated in the same way as was done in the
experiments with plane-parallel electrodes. The total pressure was well below 10~9 Torr.
The partial pressures were measured with a quadrupole mass spectrometer. The main
peaks were the masses 2 and 28. The cathode was conditioned by sparks and |8 decreased-
frorh about 100 to 10. "The breakdown mechanism and the influence of Ar ion bombard-
ment on the emitting properties of the cathode are described elsewhere (Beukema 1972).
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Figure 4. Variation of i / / 0 during pressure rise for the needle cathode. /o=lO~ 6 A.

At the beginning of each experiment a Fowler-Nordheim plot was measured to
determine the field enhancement factor j3 and the emitting area A (the relative error in
j3 is about 1 % and the error in A is about 30 %). The voltage Vo was adjusted so as to
yield a current IQ, and was then held constant, and the pump was switched off. The varia-
tion of the current was recorded as a function of time. An example is given in figure 4.
In most of the experiments the current reached a maximum value 7max after some time
/m (/m is the time to reach/max within 1 %).
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N° 30

"̂  20

10

Figure 5. Relative increase A///o as a function of To.
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The increase of the current at a constant applied voltage was measured for different
initial currents 7o. Just as in the case of plane-parallel electrodes with reversed polarity
the current started to increase after some time (which is a function of/o) if the pump was
shut off. The relative increase A//J0=(Jmax—/o)//o is a function of 7o. From figure 5,
where A//Jo is plotted as a function of 7o, it can be noticed that, when the electrodes are
fully conditioned, the current can be increased by more than a factor 40 (7o=2 x 10~9 A)

V
Figure 6. tm as a function of /o.

10'
4 x 1 0

r/MnVI

Figure 7. • Fowler-Nordheim plot before pressure rise; O first F N plot after pressure
rise; x second F-N plot, measured directly after O.
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if the pressure rises slowly because of desorption from the walls of the vacuum system
to about 5 x 10~7 Torr. Also the time fm is a function of the initial current /o (see figure
6). At an initial current of 2 x 10~9 A it lasted 13 h before the current reached its maximum.
At an initial current of 10~5 A, fm was 15 min.

If a stable current was reached the pump was started again and the pressure decreased
below 10~9 Torr. At this pressure an I-V characteristic was measured to determine the
alterations in the emitting properties of the cathode. The J-Kdata were plotted according
to Fowler-Nordheim's emission law (see figure 7). This plot was only a straight line up
to a current of about 10 /max. At higher currents the plot turned off in the direction of
the original F-N plot measured before pressure rise. At a current of 5 x 10~5 A the
points measured before and after pressure rise coincided. The next measured F-N
plot was quite similar to the original plot; so at higher currents a conditioning took place
as was also found for the plane-parallel electrodes in the reversed polarity (see figure 2)
and as is also found with fresh electrodes (Beukema 1972). The curved experimental
plot is a collection of points lying on different F-N plots. The j3 and A calculated from
the straight part of the experimental F-N plots are mentioned in table 1 (ft and A\
are the field enhancement factor and the emitting area before pressure rise and £2 and
Az are the same quantities after pressure rise). It is seen from table 1 that after the pres-
sure rise the emitting area is always increased, sometimes as much as the current. But
in most of the experiments j8 increases also and one cannot conclude that the increase
of the current is a result of the increase of the emitting area alone.

Table 1. Field enhancement factor and emitting area before and after pressure rise for
different initial currents h

/o(A)

20x10-9
3-5 x 10-8
5-0 xlO-7

ft
100
9.9

10-3

1-SxlO-w
1-OxlO-16

6-8 xlO-16

ft
100
11-5
11-6

/fc(m2)

6-3 x 10-15

6-0 xlO-16

1-4 xlO"15

In some experiments the current did not reach a stable value /max but rose continu-
ously until a breakdown occurred. In figure 8 two examples are given for an initial
current of 10-fi and 5 x 10~7 A.

If the current started to increase also the fluctuations in the current increased. At
/max the current was highly unstable with large fluctuations around the average value.
If the pump was started, the large fluctuations extinguished slowly but the current re-
mained at its higher value. Observations of these fluctuations on an oscilloscope were
made. A square-wave modulation of random duration and height was superimposed
on the DC current. The maximum duration of the pulses was about 100 ms, the minimum
duration of the order of microseconds. The maximum height of the pulses was about 20 %
of the average value of the current. The amplitude of the modulation was proportional
to the average current.

3. Discussion

The results presented in the previous section show that the influence of free and adsorbed
gases depends on the geometry of the electrodes. If the anode surface is small as well as
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Figure 8. Increase of ///o followed by a breakdown (no stable current /max):
(a) /o= 10"6 A; (b) lo=5 x lO-7 A.

the spreading of the electron beam no influence could be measured up to a pressure of
4x 10~7 Torr. But if the anode surface is large as well as the electron beam spreading the
emitting properties of the cathode are altered during pressure rise.

The field emission current / depends on four variables: the electric field Eo, the field
enhancement factor jS, the workfunction <f>, and the emitting area A; and is given by
Fowler and Nordheim (1928):

o2 / 6-83 x 109^3/'2 v(y)\

^ ( > o e x p r ^0 ) (1)

where / is in A, £0 in V m"1, A in m2, and v(y) and t{y) are tabulated elliptic functions
(Good and Miiller 1956) of the parameter y(E, <f>). In the field range used in our experi-
ments t(y) can be taken as 1 and v(y) can be approximated by v(y)=0-956 —1-062 y2.
Equation (1) then becomes

r 1 c / i I A B A P E lni'iRA-m I 6"53 X 109(A3'2\ . . .
i = l-54x 10~b A x lO4'56* exp I — )• V-)

The dependence on /S and <f> is very sensitive: at a field strength j3£"o=5 x 109 V m-1 ana
a workfunction of 4-5 eV, a 1 % change in j3 results in a 15% change in /, if <f>, Eo and
A remain constant. For the same field and workfunction a 1 % change in <f> results in a
change of 20% in /, if /?, £0 and A remain constant. The current depends linearly on the
emitting area. Because variations in the emitting area of orders of magnitude were
found, these variations cannot be neglected in comparison with much smaller variations
in p and $.

To investigate further the influence of small alterations in j8 we suppose that ]8=j80 -
Then (<£, £0 and A remain constant):

/ _02

/o~j3o2

where B=6-53 x 109<p2 is a constant. For Aj8 <£ j30:

A similar equation can be derived for relative current variations as a result of a small
change A«£ of the workfunction </J.
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From equation (3) it is clear that the higher the field strength the smaller Ijh, as is
also experimentally found. But the experimental situation is more complicated because
the emitting area is not constant during the experiment.

In normal polarity there is no increase in the current if the pressure increases to
4 x 1O~7 Torr by desorption. The increase in the current in the reversed polarity and in
the needle-hemisphere geometry, therefore, cannot be caused by changes in the work-
function by adsorption of contaminants on the cathode surface. It must be assumed that
ions impinging on the cathode are responsible for the changes in the emission properties
of the cathode (Martin et al 1960).

Field emission electrons produce ions in the residual gas as well as at the anode.
Because the dimension of the anode is very important it is evident that the latter type
of ion is responsible for the measured phenomena. To calculate the ion current as a
result of ionization by field emission electrons of adsorbed gas atoms on the anode we
make some assumptions:

(i) At the beginning of the experiment the anode surface is clean as a result of excessive
electron bombardment and sparks.

(ii) If the pump is switched off and the pressure increases physical adsorption takes
place on the anode.

(iii) Adsorbed atoms are liberated, partly as neutrals, partly as ions, as a result of
electron bombardment (heating of the anode by electron bombardment is neglected).

It was mentioned in §2.1 that, with reversed polarity, dP/dt was a function of the
field emission current if the pump was switched off. The rate of rise of pressure as a
result of desorption by electron bombardment turns out to be

d / = 3 x 10-3 It- (Torr s-*) (4)
at

where /t~ is the total field emission current between the cathode and the surrounding
metal walls of the vacuum chamber. This means that the electron desorption efficiency
(number of desorbed molecules divided by the number of electrons) is of the order of
10-2.

The number of molecules adsorbed per square metre per second is

d " 0 ) (5)

where «a is the number of molecules adsorbed per square metre, ai = 3 5 x ^
is the sticking probability, P is in Torr, 0 is the relative surface coverage, M is the molecular
mass, and T'\% the absolute temperature. The number of molecules desorbed per square
metre per second as a result of electron bombardment is

where nA is the number of molecules desorbed per square metre, a2 is the electron desorp-
tion efficiency, ja is the electron current density at the anode, and e is the electronic
charge.

Assuming equilibrium after some hours if dP/df=0 as a result of the pumping speed
of the ionization gauge, we find:

0=
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For the measurements with plane-parallel electrodes with reversed polarity and with
the needle-hemisphere electrode configuration (in future configuration I) a.zUJe<^a.xsP,
because of the spreading of the electron beam. In these cases 8x 1 and equation (6)
can be written as

At e • ( 8 )

For plane-parallel electrodes with normal polarity (in future configuration II) the anode
area A& bombarded by field emission electrons can be calculated with the help of the
field enhancement factor /3 and the emitting area A, if one assumes a certain model for
the emitting protrusion. The magnitude of A* can also be derived from the size of the
craters after a spark. A value of the order of 10~10 m2 is quite reasonable. For a sticking
probability of the order of 10~2 this means that for an electron current greater than
10~9 A and a pressure of less than 4 x 10~7 Torr (as in the experiments) for this configura-
tion otisP^otzjJe and equation (6) can be written as

The electron multiplication efficiency (number of ions divided by the number of
electrons) is strongly dependent on the cleanliness of the bombarded surface. From direct
measurements Trump and Van de Graaff (1947) found for a stainless steel anode a
value of 2 x 10~4 for an electron energy between 20 and 180 keV. The pressure in their
system was about 10~5Torr. Bennet (1957) found an efficiency typically less than one
part in ten thousand. The pressure was between 10~7 and 10~9Torr. Juttner (1970)
measured for an electron energy of 10 keV in an ultra-high-vacuum system (P< 10~9 Torr)
in which the anode was exposed to a higher pressure for a certain time:

/ a +=10-5 / - (10)

where Ja
+ is the ion current and I~ the field emission electron current. Although the

ratio between Ja
+ and /~ in our experiments may differ from the value mentioned by

Juttner, it is clear that the ion current does hardly contribute to the total current. Because
the average number of secondary electrons produced per positive ion is much less than
105 the particle exchange mechanism can be ruled out.

From the electron desorption efficiency calculated above (10~2) and equation (10)
it follows that the ratio between the number of desorbed ions and the number of desorbed
atoms is about 10~3 (if equation (10) is measured for 0=1).

For configuration I the number of ions per second released by field emission electrons
can be calculated from equation (8):

^ - (11)

where N+ is the number of ions.
Equations (10) and (11) are identical because we have assumed that 6—1.
For this configuration the electron current density at the anode is much less than

10 A m~2 and dN+/dt depends linearly on the electron current.
For configuration II it follows from equation (9) that

diV+
dt = 3 ' 5 x l ° 1 9 ^ a i ' = 3 - 5 x l 0 9 P (12)

for all currents greater than 10~9 A.
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For this configuration the electron current density j* at the anode is greater than
10 A m~2 and diV+/df is independent of the electron current.

The experimental values of the field emission electron current for configuration /
were 2 x 10~9 < / - < 1 -5 x 10~5 A, and so

l-2xlO5<d^+<9xlO8 . (13)
at

For configuration II, since always J~ > 10~9 AandP<4x 10~7Torr;

d ^ + < 1-4x103. (14)
at

Equation (14) is probably an overestimate because the partial pressure of the gas that
adsorbs on the anode may be lower than the total pressure P.

Equations (13) and (14) show that for configuration II the number of ions per second
is much lower than for configuration I. This explains why no pressure effect could be
measured for configuration I.

Observations done with a field emission microscope have shown the so called 'build-
up' phenomenon: if a rounded metal crystal is heated in an electric field a growth of
facets by surface diffusion appears (Drechsler 1957, Bettler and Charbonnier I960).
If an ion hits the cathode with sufficient energy several surface atoms will be displaced.
These displacements will not be random if a high electric field is present. If the electric
field Fo at the tip of the emitting protrusion exceeds the value

fo=6-7xl06(y/r)i/2 (15)

where y (N m"1) is the surface tension, r (m) is the radius of the tip of the protrusion,
and Fo(V m"1) is the electric field, surface migration results in local rearrangements of
the tip surface and also in a net flow of atoms from the base of the protrusion toward the
tip. If j8£o>iro gradual extrusion should occur. From equation (15) it is clear that pro-
trusions with a large r and therefore generally with a small field enhancement factor are
favourable places for build-up if the local temperature is enhanced by ion bombardment.

The diffusion constant D for surface migration is proportional to exp(— Q/kT),
where Q is the activation energy for surface diffusion. So D is strongly dependent on the
local temperature, if Q/kT is not close to unity. The activation energy of impurities on
the metal surface is in most cases much lower than that of the base metal, since the
binding energy of these impurities is usually much weaker. In our experiments it is
not clear whether impurities play a dominant role in the formation of emitting protru-
sions. But it can be assumed that the diffusion constant is strongly temperature-dependent.

The local temperature of the cathode surface depends on the number and energy of
the impinging ions. Each ion with an energy of 50 keV can transfer a mean energy of
0-05 eV to 106 lattice points; that is to say, it can heat a cube with 100 atoms to a mean
temperature of 500 K. So the number per second of the impinging ions defines the ratio
of current increase. This is clearly demonstrated by the figures 2 and 6 and also by
figure 9 in which log{(/max-/)/(/max-/o)} is plotted against log t.

From the fluctuations in the emission current at higher pressure it appears that the
number and kind of the emission sites varies continuously. From figure 7 it can be decided
that the protrusions formed by ion bombardment are not very stable. It is possible that
the diffusional growth of the protrusions leads to melting and to detachment of the
liquid part without a breakdown because the volume of the liquid particle is too small to
produce sufficient metal vapour in the gap.
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Figure 9. Current variations during pressure rise for different initial currents /o.

4. Conclusions

It has been shown that adsorbed gases on the anode influence the emitting properties
of the cathode if the electron beam spreading is large. If the cathode is the high-voltage
electrode, the field between the cathode and the surrounding metal walls of the vacuum
chamber cannot be neglected. In this geometry especially and also for point-hemisphere
electrodes, ions released from adsorbed layers on the anode bombard the cathode,
resulting in surface migration and formation of new emission sites. In the case of AC
voltages this effect nay be important.
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Abstract. The formation of emitting sites on highly polished stainless steel and titanium
electrodes in vacuum is investigated. It is shown that during the first application of an
electric field between broad-area electrodes clumps damage the cathode surface. These
clumps originate both from the cathode and the anode. If a spark-conditioned cathode
with a field enhancement factor 0=40 is placed opposite a new anode, an electric field
of 6-5 x 10s V irr1 is enough to damage the cathode, resulting in a field enhancement
factor of 100. It is demonstrated that conditioning of electrodes by sparks results from
the detachment of more or less loosely bound particles from the electrodes. For small
electrode separations (rf< 1 mm) clumps initiate a breakdown if the microscopic field
strength j8F/rf after the impact on the cathode is higher than a critical field strength
Fb, which equals ~ 7 x 109 V nv1.

The field enhancement factor j3 can be decreased by ion bombardment, but the
breakdown voltage is the same as after spark conditioning. It is shown that after
conditioning by ion bombardment clumps are responsible for the onset of a spark.

1. Introduction

It is well known that metal electrodes in vacuum can be conditioned by sparks. That
means that the breakdown voltage at a given electrode separation increases with the
number of sparks. It is thought (Alpert et al 1964) that protrusions on the cathode sur-
face with high field enhancement factors are blown up by their own field emission current,
resulting in a lower field enhancement factor and consequently in a higher breakdown
voltage. The formation of protrusions on well-polished metal electrodes before any
breakdown has occurred is not yet understood.

In a recent study (Beukema 1972a) we have reported on the conditioning of a point-
cathode by ion bombardment. This gas-conditioning effect has also been used success-
fully by a number of workers (Alpert et al 1967; Bloomer and Cox 1968, Maley 1971).
Experiments by Ettinger and Lyman (1968) have shown that after gas conditioning the
critical microscopic electric field at breakdown was lower than after spark conditioning.
They suggest that their observations may be interpreted as evidence for a qualitative
difference between 'natural' and 'conditioned' whiskers, but they believe that in both
cases the electrical breakdown is initiated by whisker melting as a result of heating by
field emission electrons.

One of the results of our previous work (Beukema 1972a) was that at high electric
fields, particularly if the current was > 1 x lO"6 A, a time-dependent deconditioning
occurred. It was suggested that after conditioning by ion bombardment the breakdown
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mechanism was altered and could be better described by the clump mechanism first
introduced by Cranberg (1952). Cranberg proposed that the initiation of a breakdown
between metal electrodes in vacuum is due to the impact of loosely adhering material
removed from one of the electrodes by electrostatic forces. He postulated that, if the
energy of impact on the opposite electrode was above a critical value, breakdown occurred.
Slivkov (1957) also took into account the size of the particles and found better agreement
between theory and experiment. Both theories are based on the assumption that the
clump is fully vaporized as a result of the impact. For total vaporization the velocity
of the impinging microparticle must be of the order of 6 km s~\ (Hansen 1968). For
gaps < 1 mm these velocities can only be achieved for clumps which lie on places with
more than average surface roughness, or with very small radii.

Because the field enhancement factor is already an overloaded hat-rack other possi-
bilities were investigated. Olendzkaya (1963) suggested that the field between the moving
microparticle and the impact electrode could be large enough to cause a small trigger
discharge. Chatterton et al (1972) extended this theory and considered also the effect
of charge transfer prior to impact. In their theoretical model they used microparticles
with rather large radii (>40 (im), and it is questionable whether such clumps exist on
well-conditioned electrodes. Another possibility is that clumps with very small radii
damage the cathode surface resulting in a larger field enhancement factor. If the micro-
scopic breakdown field strength after impact is higher than the critical breakdown field
strength necessary for instabilities caused by field emission electrons, a breakdown occurs.

The influence of microparticles and ion bombardment upon the insulating properties
of broad-area electrodes was investigated in a four-electrode system. Two cathodes and
two anodes were mounted in an ultra-high-vacuum system. By means of an ultra-high-
vacuum manipulator either cathode could be placed opposite either anode. It was
possible to make comparative measurements between the prebreakdown properties of
gas-conditioned and spark-conditioned electrodes, without breaking the vacuum. It
was also possible to investigate the change in the emission characteristics of a well-
conditioned electrode caused by a new or partly conditioned opposite electrode. In
some experiments the electrode surfaces were investigated in a scanning electron
microscope (SEM).

2. Apparatus

A stainless steel vacuum chamber was connected directly to a 50 litre s~x ion getter
pump and through a bakeable valve to a turbomolecular pump. The vacuum system
was baked out at 300 °C while being pumped with the turbomolecular pump. After the
bake out the ion getter pump was started and the pressure decreased to ~ 1 x 10~9 Torr.

The electrodes, made of stainless steel and titanium, had nearly a Rogowski profile
and had a diameter of 7 mm. They were polished first with 600 and 1000 grade silicon
carbide powder and finally with aluminium oxide powder with particle sizes 1-0, 0-3 and
0-05 [im respectively. After the electrodes had been rinsed ultrasonically with acetone,
alcohol and deionized water, and dried in a nitrogen atmosphere, they were degassed
in an auxiliary vacuum equipment at 800 °C for 2 h at a pressure of about 1 x 10~6 Torr.
The two anodes Ai and A2 were mounted on a flat, polished stainless steel disc (C in
figure 1), which was connected to a bakeable high-voltags feedthrough made of alumina
ceramic. The two cathodes Ki and K2 were mounted on another disc (B in figure 1).
This disc was electrically insulated from the manipulator by a flat alumina ceramic disc
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Figure 1. Electrode arrangement: (a) cross section; (b) cathode arrangement; (c) anode
arrangement.

mounted on an ultra-high-vacuum manipulator. On the cathode disc was also mounted
a filament for heating the anodes by electron bombardment. By manipulating the cathode
disc (JC, y, z motion, rotation and tilt) any combination of a cathode and an anode could
be made.

Before being mounted in the vacuum chamber the two stainless steel discs were placed
in a lathe. The electrodes were accurately fixed in the electrode holders in such a way
that their surfaces were parallel for each electrode combination. After the assembling
of the electrodes the discs (B and C) were mounted in the vacuum chamber. The electrode
separation could be measured with a micrometer within 0-01 mm.

The voltage source was a transformer (220 V/90 kV) with rectifier and smoothing
circuit with a ripple smaller than 0-5 %. The supply could be used either as DC source or
as a 100/1600 (is pulse generator. The pre-breakdown current (lO"10—10~2 A) was meas-
ured with a microvolt meter for DC measurements. For the pulse measurements current
and voltage were recorded with a dual-beam oscilloscope.

3. Experimental method

The combination Ki-Ai was conditioned by application of 40 kV pulses. If the electrode
separation without a breakdown at 40 kV could not be decreased any more,
the electrodes were assumed to be fully conditioned. After each of the following
operations a Fowler-Nordheim plot was measured for the Ki-Ai combination to deter-
mine the field enhancement factor j8 and the emitting area A of the cathode Ki. Every
change in the emitting properties of the cathode Ki is expressed in variations in j3 and A.

To investigate the influence of more or less loosely bound particles on the anode the
conditioned cathode Ki was placed opposite the fresh anode A2 and a certain voltage
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Ko was applied for 10 s, resulting in a macroscopic field strength EQ. Any prebreakdown
current could be monitored by an oscilliscope. Afterwards the cathode Ki was placed
back opposite Ai and a Fowler-Nordheim plot was measured. If the emitting properties
were changed, the combination K1-A1 was reconditioned by sparks at 40 kV. The
cathode Ki was then placed again opposite A2 and a macroscopic field strength 1-5 £ 0

was applied for 10 s. After measuring a Fowler-Nordheim plot for the K1-A1 combin .<
tion the procedure was repeated for increasing field strengths EQ until a breakdown
occurred for the combination K1-A2.

To investigate the influence of clumps originating from an unconditioned cathode,
K2 was placed opposite Ai and the above-mentioned procedure was done for the elec-
trodes K2, Ki and Ai.

The influence of ion bombardment on the emitting properties of the cathode and on
the breakdown voltage was investigated for the combination K1-A1. After K1-A1 had
been conditioned by sparks, 100% pure argon was introduced in the vacuum system up
to a pressure of 1-5 x 10~3 Torr; meanwhile the system was pumped with the turbomole-
cular pump. A prebreakdown current of ~5 x 10~6 A was adjusted and the variation in
the voltage to maintain this current was noted until this voltage did not change any
more.

The breakdown voltage and the maximum prebreakdown current just before break-
down of either the combination K1-A1 or Ki-A2 was measured. This was repeated
several times for different electrode separations.

4. Experimental results

4.1. Influence of an unconditioned anode on the emitting properties of a well-conditioned
cathode

When the voltage was initially applied to the combination K1-A1 the prebreakdown
current was unstable. Observations of these fluctuations were made on an oscilloscope.
A square-wave modulation of random duration appeared to be superimposed on the
DC current. After one spark reproducible Fowler-Nordheim plots could be measured.
The conditioning by sparks was done at a breakdown voltage of 40 kV, and j8 was meas-
ured as a function of the electrode separation (see figure 2).

It appeared, after the cathode was placed opposite the anode A2, that not in all cases
could reproducible Fowler-Nordheim plots be measured for the K1-A1 combination.

01 0-2 0-3 0-4 0-5 06
d (mm)

Figure 2. Field enhancement factor (3 as a function of the electrode separation d:
• after spark conditioning; x after conditioning by ion bombardment at </=0-2 mm;
+ after conditioning by ion bombardment at </=0-4 mm.
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Table 1. Alterations in j3 and A for different values of £o

No.

1
2
3
4
5
6
7*
8
9

10
11
12
13
14*
15
16
17
18
19
20
21

d
(mm)

0-3
0-2
0-2
0-2
0-2
0-2
0-2
0-2
0-4
0-6
0-2
0-4
0-6
0-2
0-2
0-2
0-4
0-6
0-2
0-4
0-6

£o
(106Vm-i)

6-5
9-8
6-5
9-8
9-9

16
16
20
20
20
26
26
26
33
43
45
40
42
46
49
47

Ei
(106 V nr1)

60
63
68
66
63
66
55
55
57
55
56
58
48
57
58
57
56
56
55
57
55

£a
(108 V m-1)

33
29
39
33
28
24
48
32
33
42
17
48
46
44
21
19
49
28
24
18
15

7

3 0
2-4
?
7
9

?
7
2-0
7
n
1-6
7
7
3-5
3-5
1-5
2-1
2-8
3-8
4-7

A2IA1

9

2-2 xlO"3

1-1 xlO"3

?
7
9

7
7
3-8 x 10-3

7
7
l-5xlO-3

7
7
31 x JO"3

3-4 xlO"2

1-1x10-3
2-9 xlO-1

30x10-3
50 x lO-3

1-5 xlO"3

* Changes occurred first during the measurement of a Fowler-Nordheim plot.

In particular if the field between Ki and A2 was very low, the emitting properties of Ki
changed suddenly during the measurement of a Fowler-Nordheim plot. The macro-
scopic electric field at which a prebreakdown current of 1 x 10~10 A flows, was also
measured to indicate the alterations in the emitting properties of the cathode Ki. In
table 1 results of one series of measurements are given for stainless steel electrodes. In
this table d is the electrode separation between Ki and A2, EQ is the applied electric field
Vjd between Ki and A2. E\, fti and A\ are the electric field to maintain a current of
1 x 10~10 A, the field enhancement factor, and the emitting area, respectively, for the
conditioned electrode combination K1-A1. £2, /33, and Ai are the same quantities after
Ki was placed opposite A2 and a field Eo was applied between Ki and A2. If an electric
field was applied between Ki and A2 the current signal was recorded on an oscilloscope
to look for pulses and sudden changes in the current. The values for fo/jSi and A2IA1 are
mentioned only if the Fowler-Nordheim plots were reproducible up to 1 x 10~6 A. In
some cases, indicated by an asterisk, the emitting properties were not altered by applying
a certain'field between Ki and A2. But during the measurement of a Fowler-Nordheim
plot for the K1-A1 combination the current increased suddenly at a field strength of
5-2 x 107 V m-1 from 1 x KH 1 A to 1 x IO-9 A. This suggests, that during the time that
a field strength was applied between Ki and A2 there must have been material transfer
between A2 and Ki that did not damage the cathode Ki. When afterwards a Fowler-
Nordheim plot was measured for the K1-A1 combination the clumps were released and
bombarded the cathode by a combination of elastic reflection and charge reversal at
the anode (Latham and Braun 1970). Also the irreproducibility of some Fowler-
Nordheim plots can be explained by this mechanism.

From number 15 (see table 1) the current between Ki and A2 increased suddenly
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to > 1 x 10~5 A after the application of a field strength Eo. For No. 21 this increase was
followed by a breakdown.

4.2. Influence of a new cathode on the condition of a well-conditioned anode
The new cathode K.2 was placed opposite the spark-conditioned anode Ai, and a field
strength of 3-7 x 107 V i t r1 was applied. The DC current was smaller than 1 x 10~9 A,
but current pulses of random duration and a height of about 1 x 10~7 A were measured.
The conditioned cathode Ki was placed opposite Ai and a Fowler-Nordheim plot was
measured. At a current of 3 x 10~10 A (for which the voltage was the same as before K2
was placed opposite Ai) the current increased suddenly to 3 x 10~9 A and at a current of
1 x 10~8 A a breakdown occurred. After the combination K1-A1 had been spark-
conditioned again, the procedure was repeated. Now a field of 5-0 x 107 V n r 1 was
applied between K2 and Ai, resulting in a DC current of 8 x 10~7 A superimposed by
pulses. For the combination K1-A1 a Fowler-Nordheim plot was measured, which was
now reproducible up to 1 x 10~5 A. At a field strength of 1 1 x 108 V m"1 and a current
of 3xlO~5A a breakdown occurred (normally for stainless steel electrodes the break-
down field strength is about 1 -8 x 108 V m"1 and the maximum prebreakdown current is
about 5 x 10-4 A).

4.3. Conditioning by ion bombardment
4.3.1. New electrodes. It was not possible to condition new electrodes with ion bombard-
ment. The prebreakdown current was very unstable, and the mean current did not decrease
during several hours. The fluctuations in the current decreased in time, but if the voltage
was raised a little the current again became very unstable. The only effect was an increase
in the emitting area.

4.3.2. Spark-conditioned cathode, new anode. The spark-conditioned cathode Ki was
placed opposite the new anode A2. To maintain a current of 1 x 10~6 A between Ki
and A2 a much lower voltage was necessary than for the conditioned combination K1-A1
(see §4.1). Attempts to condition the electrodes by ion bombardment were in vain.
The phenomena were the same as for new electrodes.

4.3.3. Spark-conditioned anode, new cathode. Also for this combination it was not
possible to condition the electrodes with argon-ion bombardment. Sometimes the current
decreased, but a small increase in the voltage was immediately followed by a breakdown.

4.3.4. Spark-conditioned electrodes. A field emission current of about 5 x 10~6 A was
established between spark-conditioned electrodes which could be maintained for several
hours at low pressure. After argon had been introduced in the vacuum chamber, the
current started to increase initially, but decreased after some minutes to below the original
value. Then the voltage was increased until the current was again 5 x 10-6 A. At this
voltage the current started to increase to about 3 x 10~5 A within a few seconds and then
fell slowly back to below 1 x 10~6 A (see figure 3). The voltage was increased again and
the process was repeated until the current did not change any more at constant voltage.
Sometimes the voltage had to be decreased as the current rose above 5 x 10~5 A causing
a danger of a breakdown because of a decrease in the gap spacing as a result of the
thermal expansion of the anode. At the end of the conditioning process care had to be
taken that no breakdown occurred after a small voltage increase.
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Figure 3. Variation of the prebreakdown current during conditioning by ion bombard-
ment. pA r= 15 x 10~3 Torr.

In all the gas-conditioning experiments it was an experimental fact that at the. end of
the conditioning process a small voltage increase led to a breakdown, resulting in a/full
deconditioning of the electrodes and the whole gas conditioning (which lasted a few
hours) was in vain. A typical gas conditioning plot is represented in figure 4 in which
Vo is the original voltage to maintain a current of 5 x 10~6 A between spark-conditioned
electrodes.

20

Breakdown

'f
0 20 40 60 80 100 120 140 160 180 200 220 240

t (mini
i

Figure 4. Variation of the voltage to maintain a constant prebreakdown current during
ion bombardment.

4.4. Electrical breakdown after conditioning by ion bombardment

After the electrodes had been conditioned by ion bombardment the breakdown voltage
was measured as a function of the electrode separation d. The following procedure was
used.

The electrodes K1-A1 were conditioned by sparks at a maximum breakdown voltage
of 40 kV (for stainless steel electrodes i/min=0-22 mm; for a stainless steel cathode and a
titanium anode rfmin=0-20 mm). For both combinations the electrodes were conditioned
by ion bombardment at rfo=O-2O mm. After each breakdown the electrodes were recon-
ditioned by ion bombardment at the same electrode separation do. The macroscopic
breakdown field strength £Ob = V^/d for stainless steel electrodes is given in figure 5 (dots).
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The measurements were repeated but now the electrodes were spark-conditioned at
85kV(rfmtn=0-73mm).

The results are also mentioned in figure 5 (open circles). In this figure also the macro-
scopic breakdown field strength Eb is plotted for electrodes conditioned at 40 kV ( A)
and 85 kV (A). It must be noted that E\>(d) for electrodes conditioned at 40 kV was
derived from single measurements, because the electrodes were further conditioned if
a higher voltage was applied at a larger electrode separation (Beukema 1972b).

01 02 0-3 0-4 C5

d (mm)

07 0-8

Figure 5. Macroscopic breakdown field strength as a function of the gap separation
for stainless, steel electrodes: • after spark conditioning at 40 kV and conditioning by
ion bombardment at </o=O-2 mm; O after spark conditioning at 85 kV and condition-
ing by ion bombardment at t/o=O-4 mm; A after spark conditioning at 40 kV; A after
spark conditioning at 85 kV.

Some typical measurements of Vb, Eb, and h after the electrodes were conditioned
by sparks and ion bombardment are given in table 2 for stainless steel electrodes.

Table 2. Breakdown properties after conditioning by sparks and ion bombardment

Conditioning

Spark (40 kV)
Ion(db=0-2mm)
Spark (40 kV)
Ion (rfo=O-2 mm)
Spark (85 kV)
Ion (do=0-4 mm)

a (mm)

0-22
023
0-35
0-33
0-73
0-70

JB

46
20
45
28
60
35

A(m*)

2-5 xlO-1 6

2-5 x lO- 1 3

5-0 xlO-1 6

7-OxlO"14

3 0 xlO-1 5

2 0 xlO- 1 5

Kb(A:V)

40
41
49
46
85
82

MA)

2-5 x 10-4

l-3xlO-B

2 0 x 10~5

20x10-6
4-8 x 10"4

1-5 xlO~7

ft(Vmi

1-8 xlO8

1-8 xlO8

1-4 xlO8

1-4 xlO8

1-2 xlO8

1-2 xlO8

In this table d is the electrode separation at which the breakdown occurred, /? and A are
the field enhancement factor and emitting area at this electrode separation, and do is
the electrode separation at which the electrodes were conditioned by ion bombardment.
Similar effects were found for the stainless-steel/titanium combination.

The conclusion is that the maximum applied electric field strength Eb defined the
breakdown voltage, if the breakdown was not initiated directly by field emission elec-
trons. After spark conditioning the maximum applied electric field strength was
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The field strength Fb is defined by whether the breakdown is initiated by instabilities
at the cathode or at the anode and is roughly 7 x 109 V m"1. After ion bombardment
P decreased resulting in a lower prebreakdown current at a field strength F\,/Pu despite
the increase of the emitting area after ion bombardment. Slightly above this field
clumps, which were not detachable at a field strength Fb/P, were released from the
cathode or the anode and damaged the cathode surface. This is the same effect as
described in the §§4.1 and 4.2. Only the field strength is now higher than could be
achieved with partly conditioned electrodes.

4.5. Investigations in the scanning electron microscope

The same measurements as described in §§4.1 and 4.2 were repeated, but after every
measurement the electrodes were observed in a scanning electron microscope (SEM). The
transport to the microscope took place in dust-free containers.

After a field strength of 6 x 106Vm~1 had been applied one protrusion could be found
on the cathode surface (see figure 6, plate). It is believed that the strong adhesion of this
feature was a result of impact. Several inclusions can also be seen. After one break-
down (see figure 7, plate) the sharp point on the protrusion had disappeared and craters
were formed at the places of the inclusions. Round the protrusion metal vapour was
deposited.

Some craters on the cathode were a consequence of impact of clumps. In figures 8
and 9 (plates) such a place was photographed for two different scanning angles 6. A
part of the clump was molten. The tip of the protruding part was molten too, probably
due to heating by field emission electrons.

After prolonged sparking both the cathode and the anode were eroded. On the cath-
ode splashes and remains of molten anode material were present (see figure 10, plate).
The molten anode material damaged the cathode. It is a question what the attractive
force is between these splashes and the cathode surface. From figure 10 (plate) it can
probably be concluded that some splashes had disappeared leaving some depressions in
the surface, so it can be assumed that these splashes can be removed at high electric
field strengths.

From these observations it is clear that clumps were present on new and spark-
conditioned electrodes.

5. Discussion

5.1. Some explanations for changes in p and A

One of the most interesting results of this experimental work is the demonstration that
during the first application of an electric field between polished and outgassed metal
electrodes in ultra-high vacuum loosely bound particles originating from either the
cathode or the anode damage the cathode resulting in a high field enhancement factor p
and a small emitting area. From table 1 it can be seen that the changes in P and A do
not depend very strongly on the applied electric field strength EQ. There are some plausible
explanations for the changes in j3 and A in general and for this experimental fact in
particular:

5.1.1. Clumps situated at places where the local field was slightly enhanced (edges, inclu-
sions, scratches) were released first. The charge Qo of a clump on the anode is

(5.1)
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Figure 6: Clump/protrusion on the cathode after a field strength

6x10 Vm was applied between new stainless steel

electrodes (6 = 70°).

Figure 7: The same area as in figure 6 after one spark (8 = 70 ),
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Figure 8: Partly molyen clump after one spark on

stainless steel cathode (6 = 70°).

Figure 9; Same area as in figure 8 (9 = 89°).
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Figure 10: Anode material on the stainless steel cathode after several

sparks (9 = 70°)
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where Z depends on the shape of the clump (Z=6-6 for a sphere on the surface), /3A is
the local field enhancement factor, and R is the radius of the clump.

The velocity at impact on the cathode is

v = (20o K//n)1/2 = (3Zeoj8A£o2f//2/?p)1/2 (5.2)

where d is the electrode separation and p is the mass density.
That j3A is important can be concluded from table 1. If the same field strength £o was

applied at a larger electrode separation, clumps were released from the edges of the
electrodes where the local field was enhanced with respect to the local field at small
electrode separations. If these clumps had the same radius as those which were released
at small electrode separations the velocity of these clumps must be larger (~d1'2) if the
local field strength was the same as in the central part of the electrodes at small electrode
separations. But it is also possible that the field strength was still very small and very
loosely bound clumps were released. If these clumps collide with the cathode also at the
edges, the )3 and A calculated from a Fowler-Nordheim plot and also E% were uncertain
because at the edges E^= V/d in general.

5.1.2. Clumps with small radii were released first. From equation (5.2) it is clear that
v~R~1/2. If the velocity of the clump is important for the changes in /? and A, this can
be a reason for the measured phenomena. If the electrodes were observed in the SEM
after a field strength was applied without a breakdown (Eo<5 x 107 V m~x) it was very
difficult to find changes of the surface structure due to impact of clumps, although
during the application of the electric field many current pulses were recorded on the
oscilloscope. These pulses could be explained by means of charge transfer by clumps.

This means that most of the clumps must have radii -41 [im, because on this scale
the microstructure of the surface is such that clump impact is hard to distinguish from
normal defects in the surface. After the first breakdown impact craters could be found
caused by clumps with radii ~ 10 [im (see figure 8, plate).

One of the main objections against the above-mentioned explanations for changes in
j8 and A is the low velocity of the clump at impact:

For a field strength £b= 1 x 107 V m-1, an electrode separation d=2x 10~4 m, a mass
density p = 8 x 103 kg m-3, and Z=6-6:

»«14(jBA//i/1)1/2(ms-1) (5.3)

where R^ is the radius of the clump in (xm.
This means that for j3A< 10 and /?/J> 10~2 the impact velocity is <450 m s"1.
After ion bombardment the breakdown field strength is about a factor 20 larger and so

is the velocity of the clump. The Hertz theory of elastic impact (Andrews 1930) predicts
that the maximum velocity vc for elastic impact is

(5.4)

where E is Young's modulus. For stainless steel and titanium vc x 4 x 103 m s"1. Rudolph
(1969) and Dietzel et al (1972) have done micrometeoroid simulation studies with Fe
microparticles with a radius of ~ 1 (Am on a Cu target. Rudolph found crater forma-
tion at an impact velocity of only 500 m s"1. The Fe particle was almost unaltered but
was lying 0-7 [xm beneath the surface. On the contrary Dietzel et al found that for
velocities less than 500 m s"1 particles were Isemi-elastically reflected; at about 800 m s"1

crater formation began (the particle was lying nearly on the surface); between 1 and
1-5 kms- 1 a crater was formed with the particle lying in it almost completely intact;
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at higher velocities (up to 10 km s~x) the particle was deformed to an approximately
coherent layer inside the crater.

Because stainless steel and titanium are harder materials than copper it can be
assumed that no craters are formed merely by impact of clumps with velocities < 500 m s-1.
If the maximum velocity vc for elastic impact is lowered as a result of other effects the
kinetic energy of the clump can be converted in a rise of temperature. One effect is
considered in the next section.

5.2. Modification of the trigger-discharge mechanism

A third explanation of the measured phenomena is a modification of the trigger-discharge
hypothesis of Olendzkaya (1963). In this model we propose that close to the cathode a
high electric field is generated between the cathode and the clump. Field emission elec-
trons bombard the clump, and a small part of the clump is molten just prior to impact,
and during impact the clump can be welded to the surface. Reflection of the clump is
impossible and the kinetic energy of the clump is converted in a rise of temperature of the
clump and a part of the cathode. If the clump is irregular it can act as a source of field
emission electrons if a sufficiently high electric field is applied (see figure 6). Another
possibility is that during impact the charge of the clump is reversed and the clump is
drawn off from the cathode surface by electrostatic forces leaving remains of the molten
part, which can form a protrusion in the electric field.

To calculate roughly the increase of the local surface temperature of the clump which
approaches the cathode it is assumed for simplicity that the potential energy of the clump,

Up=$QV=Q2f2C (5.5)

where V is the ?ap voltage and C is the capacitance of the clump with respect to the
cathode, is only changed by field emission electrons, ie by decrease of Q, and not by an
increase of the kinetic energy due to the development of an induced charge on the cathode.
In other words, Uv is only changed by decrease of Q and not by an increase of C.

.The potential of a charged sphere with respect to a plane is (Morse and Feshbach
1953):

V-Q

where x is the distance between the clump and the cathode. Our assumption means that
we approximate the summation by 1. At the end of this section it is checked what the
influence is of the increase of C upon the calculated temperature rise.

The real situation is more complicated because the clump is in a nonzero electric
field EQ. Because we are only interested in an estimation of the temperature and because
we do not know the radius of the clump(s) that caused the changes in j8 and A we write
forF:

Vcx Vc' + V(x+R)/d (5.66)

where Vc'= Q/4ire0R.
For sufficient field emission a field strength Ec x 5 x 109 V m-1 is necessary. Therefore

Ec=Vc(x0)[xo (5.7)
where

(5.8)
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and xo is the distance between the clump and the cathode surface at which field emission
starts to appear. From equations (5.1), (5.7) and (5.8)

EO). (5.9)

For R< 10~5 m, Z/3A< 150 and Eo<£Ec, it follows from equation (5.9) that Xo<^d; and
it can be assumed that, when field emission between the cathode and the clump appears,
the clump travels with a constant velocity equal to the terminal velocity as given by equa-
tion (5.2).

The time necessary to cover xo is

to=xo/v. (5.10)

This is the maximum time that the clump is bombarded by field emission electrons. In
practice we must consider the decrease of the charge Q of the clump due to the impact of
electrons. For simplicity it is assumed that, during the time the clump is bombarded by
electrons, this current / is constant and equal to Jo. An increase in / (as a result of a
decrease in x) reduces Q and therefore the electric field between the cathode and the
clump and therefore /. A constant current Jo means a constant electric field. Therefore

^ = 0 (5.11)

or

x(dVc/dx)=Vc. (5.12)

From equation (5.6)

x(dQldx) - Q=47reo£b/?2. (5.13)

The solution of this equation is

Q=4neoR(Ec-Eo)x-4ireoE<iR2. (5.14)

The current /o can be written as

I0=dQldt=(dQ/dx) (dx/dt)=v(dQ/dx)

=4ir€QRv(Ec-Eo)x4ireoRvEc for Eo<4Ec. (5.15)
If equation (5.2) is inserted-in (5.15)

/„=4ir€oEo£c(3Zeoj8Al&//2/>)1/2. (5.16)

The current To is related to Ec by the Fowler-Nordheim equation. The emitting area can
be estimated from the geometry. The field emission current depends very strongly on
Ec, so an estimation of 7o within 20% can be made. If a current 7o is maintained between
the cathode and the clump during the time t0 the potential Vc of the clump with respect
to the cathode decreases from EO(XO+R+ZPAR/4) linearly with time to zero. So.the
mean potential of the clump is

(5.17)

X$E0R (1+Z/3A/4) for EO4EC. (5.18)

The rise of temperature of the clump can be calculated with help of the formula given
by Charbonnier et al (1967) for intermediate pulse length:

(5.19)
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Cathode .

Figure 11. Clump in the neighbourhood of the cathode.

where K is the thermal conductivity, c is the specific heat, and R* is the radius of the bom-
barded area of the clump. This area is a fraction of the total area (see figure 11). If
the field between the cathode and the clump is dropped by 10%, the emission can be
neglected with respect to the current in the central region. This means that the bombarded
surfaceis ^ ^ ^ ( 5 2 0 )

The mean bombarded area during impact by field emission electrons is
(5.21)

With the equations (5.10), (5.16), and (5.21), equation (5.19) can be written as
AT=3-5 x lO"13 (5.22)

In figure 12 A7"is plotted as a function of £0 for stainless steel clumps.
The influence of the development of an induced charge on the cathode can be ex-

pressed in alterations of the capacitance C of a sphere with respect to a plane surface.
The value C/Co, where C(=Q/V) can be derived from equation (5.6a), is plotted in
figure 13 (left scale). According to equation (5.6b)

Ve(x)=E0R+QfC i(E0<Ec. (5.23)

10'

Figure 12. Local rise of temperature for a stainless steel clump;
. (A) Z J 3 A = 6 - 6 ; (B) Zj3A=66;
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The variation of Vc(x) as a result of an increase of C only is

Fc(x) = E0R+ Qo(C =

wherea=C/Co.

(5.24)

Figure 13. Variation of the relative capacitance C/Co of a charged sphere opposite a
plane (left scale) and variation of the potential of the sphere as a function of the dis-
tance between sphere and plane (right scale). no field emission; field emission
only.

Zj3A

5xlO« 2x lO 8 5x10* 2xlO 8 5x10° 2x lO 8

6-6 6-6 66 66 132 132

In figure 13 Vc(x)/Vc(xo) is plotted for different Z/JA as a function of x/R (full curves).
Also plotted is Vc(x)fVc(xo) for the case of field-emission electrons only (broken curves).
We see that the decrease of Vc(x) as a result of an increase of C is much slower than the
decrease of Ve(x) as a consequence of impact by field emission electrons. So, we assume
for simplicity that during the time that the clump is bombarded by field emission elec-
trons the potential with respect to the cathode surface is only changed by field emission
electrons.

As a consequence of the decrease of Vc the distance x0 at which field emission starts
to appear is also smaller than was derived in equation (5.9). The velocity of the clump
is nearly constant, so the current h is a little higher (because in a smaller time the same
charge Qo must have flown). If all these changes are taken into account (the calculations
are the same as in §5) we find for the temperature rise

A T v A T fe iic\

where A To is the temperature rise as given in equation (5.22) and i\ is a correction factor
which can be derived from figure 13:

•n=(l/Auyi2 (5.26)

where /= 1,2,..., 6 and Ait is the value for V^x)/Vc(x0) at the intersection of the ith
full and the ith broken curve. Some values of 77 for different cases are given in table 3.
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Table 3. Correction on the calculated temperature rise for different values of the
electric field and field enhancement at the anode

JSbCVnr1)

5x10*
2xlO»
5x106
2xlO»
5x10*
2x108

6-6
6-6

66
66

132
132

V

1-4
1-3
1-7
11
1-5
105

It is remarkable that ij> 1, but it must be noted that the mean bombarded surface is
proportional with xo and so with if2. The conclusion is, that the temperature given by
equation (5.22) is only an underestimation.

6. Conclusions

The main conclusion of this work is that microparticles are very important for the insula-
ting properties of a vacuum gap. For new electrodes these particles are the cause of the
creation of emitting sites on a highly polished cathode. Spark-conditioned electrodes
which were further conditioned by ion bombardment, resulting in a low field enhancement
factor (j8» 15), could not hold voltages higher than after spark conditioning, because of
the release of clumps. The clumps on new electrodes are probably remains of polishing
material and inclusions (especially in the case of stainless steel). The clumps on spark-
conditioned electrodes are mainly remains of molten anode material on the cathode and
partially frozen anode material which was not entirely pulled out during the spark.

It is demonstrated that clumps can initiate a breakdown between a fully conditioned
cathode and a partly conditioned anode. The breakdown is not initiated by evaporation
of the clump but by field emission electrons. As a result of the impact of the clump on the
cathode surface the field enhancement factor j3 increases. Breakdown occurs if j3£0 > Fb,
where Fb « 7 x 109 V nr 1 .

After ion bombardment the field enhancement factor is decreased and one can say
that the cathode is better conditioned than after spark conditioning, if only field emission
electrons are responsible for the onset of a spark. But in the light of the clump mechan-
ism neither the cathode nor the anode are conditioned by ion bombardment. So, after
ion bombardment, the breakdown is always initiated by clumps. One can even remark
that clumps are responsible for the limited conditioning by ion bombardment.

It is therefore worthwhile to investigate more carefully the origin of the clumps after
spark conditioning: especially what the attractive power is between splashes on the cathode
surface and the cathode itself for different anode and cathode materials, because there
are strong suspicions that these splashes and remains of molten anode material limit
the maximum applicable electric field strength.
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Electrical breakdown properties of stainless steel

and titanium electrodes in ultra-high vacuum

G.P. Beukema

Fysisch Laboratorium der Rijksuniversiteit Utrecht,

Princetonplein 5, 3584 CC Utrecht, The Netherlands

Abstract. The breakdown voltage in ultra-high vacuum of stain-

less steel and titanium electrodes is measured as a function of

the electrode separation in the range 0.05 - 0.80 mm. This re-

lationship can be described by the simple equation V, = Cd .

Valuer for C and a are given for all electrode combinations.

Fir titanium electrodes the current just before breakdown was

ajout three times that for stainless steel electrodes. Compara-

tive measurements with all combinations of stainless steel sr.d

titanium show that the cause of this difference must be sought

in the anode. The microscopic breakdown field strength was a

function of the emitting cathode area, as derived from Fowler-

Nordheiui plots. This dependence suggests that the breakdown was

initiated by thermal instabilities at the anode due to field

emission electrons. This is consistent with a theoretical ana-

lysis. Measurements of the pre-breakdown current allow an esti-

mate of the number and dimensions of emitting sites.
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1. Introduction

As a result of theoretical t1,2,3] and experimental work [4,5,6] it seems rea-

sonable to suppose that electrical breakdown of small gaps in vacuum is initi-

ated by field emission electrons, emitted presumably from cathode protrusions.

Two possible mechanisms are suggested for the development of a breakdown:

A. self heating of a protrusion by Joule and Nottingham heating (cathode-initi-

ated breakdown);

B. local heating of the anode by the field emission electron beam (anode-initi-

ated breakdown).

For a certain model of a protrusion located on the surface of a plane ca-

thode the critical temperature at which instabilities occur at the anode or

the cathode can be calculated. These calculations have been carried out for

various cathode protrusion models [ 1] . Vibrans [ 3] has shown that at tempera-

tures well below the melting point the current may rise spontaneously as a re-

sult of the temperature dependence of the resistance of the protrusion and of

temperature enhanced emission (T-F emission). Davies and Biondi [ 6] on the

other hand suggested firstly that a breakdown cannot be initiated by melting

or evaporation of a protrusion as the volume of the protrusion is several or-

ders of magnitude too small to produce a sufficient density of metal vapour in

the gap for significant avalanche processes to occur. Secondly they argued that

steady evaporation from the anode - because of local heating by the pre-break-

down current - does not wroduce a sufficient density of metal vapour. They

showed experimentally that the breakdown for copper electrodes was associated

with a thermal instability of a small region of the anode surface. The ava-

lanche amplification of the pre-breakdown current is assumed to be generated

by the evaporation of an anode particle during its transit to the cathode as a

result of bombardment by field emission electrons.

The exact shape of the emitting protrusion has to be known in order to

calculate the breakdown voltage and the maximum pre-breakdown current in the

above models. From a Fowler-Nordheim plot the total field enhancement factor

and emitting area can be calculated if a value for the work function is as-

sumed. But metallic and neutral adsorbates on a metal surface influence the

emission probability resulting in changes in the field emission current [7,8] .

The number of protrusions is also unknown. Van Oostrom had measured FN plots
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of five field emitters with different B and A [ 9]. He has shown that if these

five different field emitters would have been protrusions on a broad area elec-

trode, and if the average value of the slope of a F-N plot would have been

used to calculate the field enhancement factor, the calculated microscopic

breakdown field strength could be about 20$ lower than the one responsible for

the breakdown. This means that conclusions, drawn from Fowler-Nordheim plots

concerning the exact shape of emitting protrusions need some qualification.

Another problem is the difficulty to distinguish experimentally between

an anode- and a cathode-initiated breakdown. Previously we investigated the

cathode-initiated breakdown by using a special electrode geometry that mini-

mized local heating effects of the anode [10] • In order to investigate the in-

fluence of the anode upon the initiation of a breakdown in practical situa-

tions, we have chosen for comparative measurements between anodes of different

materials. This change could be performed without breaking the vacuum. In ex-

periments with the same cathode and different anodes the mean emission proper-

ties of the cathode should be the same in all configurations.

2.1. Field emission

The so-called Fowler-Nordheim equation describes the field emission electron

current I, originating from N emitting sites on the cathode surface for a

macroscopic field strength E (in Vm ):

_fi
 N 82 F.2 S. Q (y

I = 1.S4 *"ffF- S ,; h> ° 1 exxi- 6.83 * 10y *• . P
 1 }. (2.1)

i 1 i ^ ) Bi

Q *? v(y.)
0 y * 1

Bi o

In this expression $. (ine®, B-'and-Sfr (iivm--}-represent che work function

fild h f d h t i ^field enhancement factor and the"epLLttinfê arejasOj "the i emitting site respec-
tively, v(y) and t[y) are tab,ulat^^fii;8|:k: fujictiorĤ 'f T f ^ V t h e parameter

y = 3 . 7 9 x 1Q. s E 2 * * . '<-. - <•:.. ' -. K ,. • ̂  .•- -^S-- •--•

Since'iBb.arifonnation wfia'tWever is ,a.ya|iaKie concerning the''nuniber, shape,

emitting area "and work furi&tion"rof tfre ip;rotr;(isioris, a leries of simplifica-

tions must be.introduced Wcalculate T at all. 5

Equation 2.1 can be transfornied into:
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log \ - lo* 1.54 * 10"6 ̂  lO. 4' 5 2^ - 2.84 x 109 ̂ 1 . ̂  (2.2)

EQ . °
if it is assumed that all emitting sites are identical and if v(y) is approxi-

mated as [10] : v(y) = 0.956 - 1.062 y2. ... ,., --. t - - ., .. ,

2.2. Cathode initiated breakdown

We use the formulas for cathode-initiated breakdown as published before [ 10] ,

only the emitting area A must be changed in A/N. Then the critical current I

at which melting of a cylindrical protrusion occurs by resistive heating is

given by:

l / ( B • 2 ) ' C 2 • 3 )

K is the thermal conductivity in Whf K~ , p the resistivity in an at 20 °C
C - O 1

of the cathode material and C is a constant (in K 2 ) , which can be obtained

from graphs given by Vibrans [ 3] . For stainless steel and titanium C = 25.7.

For a truncated cone (6 = 10°) the critical current I t at which melting

occurs by resistive heating is given by:

"Hie Nottingham heating and cooling effect is left out of consideration be-

cause it is until now uncertain which transition temperature must be taken at

which heating passes into cooling [12].

2.3. Anode~initiated breakdown

The temperature rise at the anode due to bombardment by field emission elec-

trons can be calculated by solution of the inhomogeneous heat diffusion equa-

tion. For simplicity some assumptions are made:

1. The emitting sites on the cathode are N identical protrusions with emitting

area S and field enhancement factor 0.

2. The N electron beams strike N circular areas of radius R , without overlap-

ping each other. Chatterton [ 1] has derived a formula for R
a:
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R = 2d*(Bro siny)* (2.5a)
a e

where d is the electrode separation (in m ) , r is the radius of the emit-

ting area (in m) and y is the maximum emission angle. For different pro-

trusion shapes y varies from 18° to 60°. We used in our calculations:

Ra = 1.1 (6
2d2A/N)* (2.5b)

which is within 25% independent of the ideal shape of different protrusions.

3. The distribution of the current density in the beam at the anode is Gaussi-

an.
4. The distribution of the energy absorption in the anode is Gaussian.
5. The depth of maximum energy adsorotion 5 (in m) i s given by Widdington's

law [13]:

5 =

where a is a constant, A the atomic mass, Z the atomic number, p the mass

density (in kgm ) and V the accelaration voltage of the electron beam (in

V).

Dudek [ 14] has considered the temperature rise of a solid due to electron

bombardment taking into account a Gaussian distribution of the beam current

density as well as a Gaussian distribution of the energy absorotion in the

solid. We shall now follow a part of the calculations of r jdek adanted to our

situation. Taking into account the assumptions mentioned above an analytic

form of the temperature rise AT in the place of maximum energy absorption,

that is inside the metal, can be given:

^ J q ) (2.7)
a

in which IV is the beampower (in W ) , K is the thermal conductivity of the
-1 -1anode material (in Win K ) , 5 is given by equation (2,6), U is an integral

given by Dudek [14] which can be taken as 0.1 and a(-r,q) is a function of T
and q. The normalized time t is given by:
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Figure 1: The function a(q).
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* moment heating supply

. (pre) breakdown current

flange of manipulator

wires, isolated
with ceramic rings

-»H.V. insulator

(a) ( b )

ceramic

Figure 2: Electrode arrangement: (a) cross section;

(b) cathode and anode arrangement for comparative

measurements.
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(2.8)

where D is the thermal diffusivity (in m s ) of the anode material,, t is the

pulse duration (in s) and q = -̂ -. In our experiments t > 100 ys. This means
that for both investigated anodeamaterials t > 10, so that we can use the ap-

proximations of a(x,q) for x •* °° : =

lim a(x,q) = a(q) =

q(1 ~ q j Marc sin (1 - 2q ) + ̂  } for q < 1

2 for q = 1 (2.9)

q(q2 " 1)~* In (2q2 - 1 + 2q(q2 - 1)H for q > 1.

In figure 1 the function a(q) is plotted for 10 < q < 10.

If the melting temperature is reached it is assumed that instabilities occur

as a results of sufficient evaporation [15] or detachment of a macroparticle

[ 6] . The critical power for an anode-initiated breakdown can be derived from

equation (2.7) and is given by:

(IV)ca ='10 (Tm - TQ) Ka6/a(q) (2.10)

where T is the melting temperature of. the anode material, T is the room tem-

perature and a(q) is given by equation (2.9).

3. Experimental procedure

3.1. Apparatus

The experimental equipment is similar to that described previously [ 16] . The

electrode arrangement for the study of the breakdown properties of stainless

steel and titanium electrodes is shown in figure 2. The electrodes had nearly

a Rogowski profile to prevent field enhancement at the edges of the electrodes.
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The diameter of the electrodes was 7.0 mm. They were polished first with 600

and 1000 grade silicon carbide powder and finally with aluminium oxide powder

with particle sizes 1.0, 0.3 and 0.05 ym respectively. After the electrodes

had been rinsed ultrasonically with tetra, acetone, alcohol and deionized

water and dried in a nitrogen atmosphere, they were degassed in an auxiliary

vacuum equipment at 800 °C for 2 h at a pressure of 1 x 10 Pa. On the ca-

thode disk too a tungsten filament was mounted to degass the anodes by elec-

tron bombardment heating.

The electrical circuit consisted of a transformer (220 V/ 90 kV) with

rectifier and smoothing circuit with a ripple smaller than 0.5 *o. The sunply

could be used as dc source for Fowler-Nordheim plot measurements, or as a 100/

1600 ysec pulse generator for breakdown measurements.

3.2. Breakdown parameters

The breakdown parameters B, A =rNS and Er-=- BVb/d were calculated from the ex-

perimental data. The field enhancement factor 3 was determined from the gra-

dient m of the Fowler-Nordheim plot:

m = - 2.95 x 10y V — s(y) (3.1)
P

in which s(y) = v(y) - iy dv(y)/dy is a slowly varying function of y and can be

taken as 0,95 in the field range used to measure F-N plots. Although at the

beginning of the experiment it can be assumed that the electrodes are covered

with oxides, mos" of the experiments were done after conditioning by sparks so

that the value of the work function $ of clean surfaces can be used. For stain-

less steel <j> = 4.7 eV and for titanium $ - 3.86 eV was used in all calcula-

tions. The emitting area A can be calculated with the K-method as described

by Van Oostrom [ 8], but we used the more simpler method as before [10] .

3.3. S E M study of the electrode surfaces

The electrode surfaces were examined in a scanning electron microscope (S E M)

with a maximum resolution of 50 nm. The electrodes were transported to the

S E M after:

a. polishing, degreasing and degassing;
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Figure 3: Maximum pre-breakdown current for stainless steel (o)

and titanium electrodes (o) as a function of the

number of sparks for different voltages.
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Figure 4: Breakdown properties

of a pair of stainless steel

and a pair of titanium electrodes,

both conditioned by sparks.

o stainless steel before many

breakdowns (uniform field).

A stainless steel after many

breakdowns (non-uniform field).

• titanium (uniform field).

A titanium (non-uniform field) .
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b. a voltage was applied giving a macroscopic field strength of 5 * 10 Vm ;

c. one breakdown;

d. ten breakdowns;

e. a hundred breakdowns.

After the electrodes were remounted in the ultra-high vacuum system the whole

svstem was baked out at 300 °C during for at least 12 hours. After that time

the pressure was well below 2 x 10~ Pa.

4. Experimental results

4.1. Breakdown properties of a pair of stainless steel and a pair of titanium

electrodes

When the voltage was initially applied to the electrodes the pre-breakdown

current was unstable and during the measurement of a F-N plot a slight condi-

tioning was observed as was also previously found [ 10] . After one spark the

current became stable and reproducible Fowler-Nordheim plots could be measured.

The first conditioning by sparks was done at a breakdown voltage of 40 kV.

After each breakdown the gap length was decreased until the electrodes were

fully conditioned at that voltage i.e. the gap length could not be decreased

at 40 kV anymore without a breakdown.

There is a remarkable difference between stainless steel and titanium

electrodes (see figure 3). For stainless steel the pre-breakdown current just

before breakdown L hardly depend upon the number of sparks n. But for titani-

um electrodes L increased considerably with the number of sparks: from about

1 x 10 A at the first spark to about 3 x 10" A after fifteen sparks. For

both electrode materials, but for titanium more pronouncedly I, decreased to
-4the initial value of about 1 x 10 A if a breakdown occurred at a larger

electrode separation at a higher voltage. Especially for titanium several

sparks were then necessary to bring I, back to the conditioned value of about
-3

3 x 10 A. For both materials the breakdown voltage was measured for diffe-

rent electrode separations. It was found that the dependence of the break-

down voltage V^ on the electrode separation d could be described by the re-

lation:

V b = C d
a (4.1)
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in which C and a are constants. But for different sets of electrodes of the

same electrode material C and a are not the same. It appeared that the value

of C and of a depended on the field enhancement factor B and especially on the

dependence of B on the electrode separation. It was rather difficult to con-

struct a set of electrodes for which B was independent of gap length. In parti-_

cular the final finish of the edges of the electrodes seemed to be very im-

portant.

Also for one set of stainless steel electrodes for which B was independent

of the electrode separation the situation was changed after many breakdowns and

B became gap dependent. This implies that the field had become non-uniform.

In figure 4 the breakdown properties of one pair of stainless steel electrodes

before (o) and after (A) many breakdowns and two different uairs of titanium

electrodes are shown, one pair in which B is indenendent of d (•) and one pair

in which B is gap dependent (±). If B is independent of d the breakdown voltage

V. is found to be proportional to d. In this case equation C4.1) can be writ-

ten as:

Vb = 140 d (d < 0.5 mm)

for stainless steel with V, in kV and d in mm. For titanium:

Vb = 135 d (d < 0.6 mm)

If B was dependent on the electrode separation the breakdown parameters a

and C decreased, although for certain electrode separations the breakdown vol-

tage was higher than for uniform fields. The microscopic breakdown field

strength E = BV,/d was calculated for the breakdown data shown in figure 4

and is also plotted in this figure. No systematical variation was found for

E^ with d. The spreading of E, is due to variations in the emitting area as

will be shown in the next section in Table I the results'for stainless steel

and titanium are summarized.
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Figure 5; Emitting area A as a

function of the inverse of the

microscopic breakdown field

strength E, .

o stainless steel cathode-

: stainless steel anode.-

a stainless steel cathode-

titanium anode.

Figure 6: Emitting area as a function

of the inverse of the microscopic

breakdown field strength E .

• titanium cathode-titanium anode.

x titanium cathode-stainless steel

anode.
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Table I. Breakdown parameters of pairs of stainless steel and pairs of

titanium electrodes (conditioned by sparks)

electrode
material

stainless steel
(uniform field)

stainless steel
(non-uniform field)

titanium
(uniform field)

titanium
(non-uniform field)

a

1.0

0.75

1.0

0.70

C (kVmnf b

140

110

135

120

6.0

7.0

5.2

6.1

(GVnf1)

+ 0.3

± 0.7

± 0.5

± 0.8

Xb

0.5

0.5

1.5

1.5

(mA)

- 1.0

- 1.0

- 3.0

- 3.0

4.2. Comparative measurements between stainless steel and titanium eleatrodes

To check the origin of the difference between the breakdown properties of

stainless steel and titanium, comparative measurements were done between both

metals. All combinations of both electrode materials were examined. Some re-

sults are shown in Table II.

The field enhancement factor B did not differ very much for these series

of measurements, but the emitted area A varied unpredictable over more than

an order of magnitude. Also the maximum pre-breakdown current L varied from

experiment to experiment, but not systematically with A: a plot of log I,

against log A did not show a relationship between these quantities. The micros-

copic breakdown field strength E did not alter very much but is not constant.

There is a relationship between E and the emitting area A as was found before

for a stainless steel needle-hemisphere configuration [ 10] . Plots of the loga-

rithm of the emitting area A against the inverse of the microscopic breakdown

field strength are shown in figures 5 and 6.

The microscopic breakdown field strength of an electrode system with a

titanium anode is higher than with a stainless steel one with the same catho-

de so it might be concluded that the origin of the difference between the

maximum pre-breakdown current must be sought in the anode.
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CATHODE: STAINLESS STEEL
ANODE: TITAMUM
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Figure 7: Breakdown properties of combinations of stainless

steel and titanium electrodes.

9 stainless steel cathode-titanium anode (uniform field) .

x titanium cathode-stainless steel anode (non-uniform field).
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Table II. Comoarative measurements between spark conditioned stainless

steel (s.s.) and titanium (Ti) electrodes

cathode

s.s.

s.s.

Ti
Ti

s.s.

s.s.

Ti
Ti

s.s.
s.s.

Ti
Ti

anode

s.s.

Ti

Ti

s.s.

s.s.

Ti

Ti

s.s.

s.s.
Ti

s.s.

s.s.

d

(mm)

0^27

0.28

0.26

0.30

0.43

0.37

; 0.42

0.47-

0.50
0.50

0.62

0.68

B

44

45

45

42 ..:-

45

44

43 .:.
,46

44
45

44

53

A

do-1V)

3.5

0^64

0.87

3.0

1.2
0.80

0.58

0.12

: 3.1 -_--_-.-
0.85

1.1
0.16 ;

Ib
(mA)

0.20

3.0

2.0

0.35

0.23

2.1,

2.0

0.74 -

0.90
2.6

1.9

0.42

V
(kV)

33

48

31

30

57

62

55

60

70
83

74
70

F̂

(109 Vm"1)

' "5:4" "
7.7

5.4
4.2

5.9

7.4

5.6

.. . . 5.9 .-

6.2
:' ~ - 7.5 -

5.2

5.4

In figure 7 the breakdown properties of the combination stainless steel

cathode / titanium anode and of the combination titanium cathode / stainless

steel anode are shown. For the first combination V, was proportional to d:

V b = 170 d (d < 0.5 mm)

For the second combination V, can be written as:
b

Vfe = 100 d°*86 (d < 0.8 mm)

In Table I I I the results for both combinations are summarized.
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Figure 8 a: Scanning electron

micrograph of a part of the

anode surface. Microstructure

of erosion spots on a stain-

less steel anode.

Figure 8 b: Scanning electron

micrograph of a part of the

anode surface. Microstructure

of a titanium anode after ten

breakdowns.
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Table III. Breakdown parameters of combinations of stainless steel and

titanium electrodes (conditioned by sparks)

electrode combination
(cathode-anode)

s.s.-Ti
(uniform field)

Ti-s.s.
(non-uniform field)

1

0

a

.0

.86

C (kV mm"1)

170

100

7.5

5.0

(GVm"

± 0,

± 0,

"1)

.5

.7

1

1

0

-

.5

.5

(mA)

- 3

- 1

.0

.0

4.3. S E M study

After the actions a and b as mentioned in section 3.3 no changes could be

found in the surface structure of the anodes, at a magnification of at least

1000 x. It would have taken too much time to investigate the whole anode at a

higher magnification. The same holds for the cathode. Any feature which could

be responsible for the measured emitting properties was found by accident.

On the cathode surface several foreign particles were present as well as in-

clusions with more or less sharp edges, which could be responsible for suf-

ficient field enhancement. Some photographs have already been published [ 16].

After one breakdown, consisting of five to ten self-extinguished sparks,

also five to ten circular spots were present on the anode with areas about

2.5 x 10 m . The microstructure of these spots was quite different for the

two electrode materials. After ten breakdowns the number of these spots had

increased. The microstructure of these spots is shown in figure 8. The stain-

less steel anode was more eroded than the titanium one. On stainless steel

characteristic craters were present which could also be found here and there

on the titanium anode, but the sizes were larger. The erosion of the cathode

had extended. The places eroded before had remained unchanged, as far as could

be checked. After a hundred breakdowns both the anode and the cathode were

fully eroded. On the cathode surface splashes and remains of anode material

were present. In figures 9 and 10 two of the most nrotruding parts that could

be found on the stainless steel cathode are shown. After a few more break-
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Figure 9: Scanning electron

micrograph of a part of the

surface of a stainless steel

cathode showing one of the

-most protruding parts after

a hundred breakdowns. .

2 Ai

Figure 10: Scanning electron

micrograph of a part of the

surface of a stainless steel

cathode showing one of the

most protruding parts after a

hundred breakdowns.
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Figure 11; Scanning electron

micrograph of a part of the

surface of a stainless steel

cathode showing solidified

anode material, _ _ . .._

Figure 12: Scanning electron

micrograph of a crater on a

stainless steel anode.
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Figure 13: Scanning electron micrograph of a part of a

titanium anode.
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clowns these protrusions were still present. The cathodes and the anodes show-

ed many hills and valleys. It is therefore not surprising that after many

breakdowns the field enhancement factor depended on the electrode separation.

It is questionable whether the solidified lins of anode material on the catho-

de can act as field enhancing protrusions, if they rise in the electric field

(see fig. 11).

On the stainless steel anode many deep craters were present. One example

is given in fig. 12. The depth of the craters is comparable to the width. Al-

so after a hundred breakdowns the titanium anode showed the least erosion. The

whole surface had a recrystallized structure, as is also the fact after hea-

ting a well-polished titanium surface above 1000 °C, when the c.p.h. struc-

ture had been changed into a b.c.c. one.

Many solidified features were found on the titanium anode, such as pro-

truding parts which were partly pulled out of the surface in liquid form and

then solidified at the end of the breakdown (see figure 13). Also the typical

surface structure can be seen in this photograph. If this protrusion would be

removed from the surface hardly a crater would be left. This shows probably

the difference between titanium and stainless steel near the melting point.

5. Discussion

5.1. The breakdown mechanism

All electrode combinations could sustain more power before breakdown than

given by equation (2.10), if it is assumed that only one protrusion carried

the whole measured pre-breakdown current. But S E M photographs and observa-

tions with the naked eye of luminous spots on the anode indicate that more

emitting sites were present and responsible for the pre-breakdown current.

There are also several publications [ 17 - 20] in which it is demonstrated that

more than one emitting site is present on a broad area electrode.

Brodie [17] reported that for conditioned electrodes approximately 40
2

elliptic regions per cm of cathode surface were visible on a fluorescent
screen, the majority of similar brightness.

Young [ 18] demonstrated for conditioned electrodes that a current of
-9

5 x 10 A approximately 20 anode spots were visible corresponding with at
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least as many emitting sites on the cathode surface.

Hantzsche et al. [20] reported ten emitting sites on a conditioned ca-

thode with a diameter of 5 * 10 m.

Milton [ 21] has done experiments with a Radiachromic film, which shows

a decoloration proportional to the electron beam dose, placed on the anode to

record transmission of electrons. Several (4 - 100) circular uniformly exnosed

green coloured areas where observed for each shot. The exnosed areas often

overlapoed each other and were of similar diameter, indicating cathode emis-

sion from several sites of similar emission characteristic.

The dependence of the microscopic breakdown field E, on the emitting

area A can also be explained if it is assumed that more than one emitting site

is responsible for the field emission current before' breakdown. With help of

the equations (2.1), (2.3), (2.4) and (2.10) the relation between log A and

Ej" can be calculated for each breakdown mechanism. For a truncated cone at

the onset of breakdown:

1 - 5 4 * 1 0 " 6 E b : * A
 104.52 x fl x 10-2.84 x 10

9 * ^ 1

= 4.37 (KC AN"1 p~V

Rearrangement and taking the logarithm gives:

log A = 5.7 x 109 x f5''2 x E^1 - 4 l o g ^ + logN +

+ Iog4.37.cop~
1 - 2Iog 1.54 x 10"6 x <(,~1 -9.04 f*

Note that log A depends o n E , on N and on material properties. If N does not

depend on E the gradient °&" is given by:
^ d (E1)

5.7 x 109 x «t,3/2 + 4 ^

For the other breakdown models the gradient can be calculated in the same way.
The results are given in Table IV.
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Table IV. Gradient ? for different breakdown mechanism.
J ft?™" I A

breakdown mechanism gradient (Vm~ )

cathode initiated 5.7 x 10 x <j,3'2 + 4 E,

anode initiated g 3/2
(disk heating, q « 1) 3.8 x 10 x $ + 4 E

anode initiated „ , .
(q _> 1) 2.8 x 10 x f'Z + n

The place of the curves depends among other things on the number and also on

the size distribution of the emitting sites. The drawn curves in figures 5 and

6 have a gradient which fits quite well the gradient calculated for the anode

initiated breakdown with q >_ 1. If the measured field enhancement factor B and

emitting area A were due to one strong field emitter on the cathode surface,

q « 1 for most of the measurements and the dependence of E, on A could not be

explained with this model.

There are only a few published data of microscopic breakdown field

strengths combined with emitting areas. Alpert et al. [4] reported 4 data. If

these values were plotted as log A against ET the gradient of the curve be-
in _i o

tween these points is 4 x 10 Vm , in good agreement with the published data

of Van Oostrom [ 9] for clean tungsten emitters. Both experimental results show

a weaker dependence of A on E^ than predicted by the resistive heating model

for a cathode-initiated breakdown. It is shown by Van Oostrom that Notting-

ham cooling contributed to the heat balance of the emitters. Also the publish-

ed data of Owen et al. [22] concerning molybdenum electrodes showed a dependen-
10 1 "

ce between E^ and A. The gradient is 3 x 10 Vm" , a factor 2.5 smaller than

predicted by the resistive heating model. The anode-initiated heating model

is out of question because of the low pre-breakdown currents, so it can be

assumed that also here the Nottingham cooling effect played a role. The pu-

blished data of Davies and Biondi [6] about copper electrodes fit quite well
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I (A)

Figure 14; A plot of the critical current

I versus the number N of emitting sites for

different breakdown models. The experiment-

al current per protrusion is also plotted

(solid line).

I (theoretical).
cc
I . (theoretical).
ct

- - - - I (theoretical).ca
I. (experimental),

15

• • i i ' • • i i i * i t t i i i *

40 60 80 100 0 20 40 60 80 100

Figure 15: Histograms of number N

of emitting sites as derived from

breakdown measurements.

(a) stainless steel cathode-

stainless steel anode.

(b) titanium cathode-titanium anode.

(c) stainless steel cathode-

titanium anode.

(d) titanium cathode-stainless

steel anode.

0 20 40 60 80 100 0 20 40 60 SO 100
*• N
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the disk heating model for anode-initiated breakdown. On the contrary, Cox

[ 23] reported that for copper electrodes the microscopic breakdown field

strength was independent of the emitting area, but during his measurements

the surface hardness was probably changed. Our previous measurements [ 10] con-

cerning copper and stainless steel electrodes showed a dependence between E,

and A for cathode-initiated breakdowns. The measurements for copper are in

agreement with the curve for resistive heating. The measurements on stainless

steel showed a weaker dependence of A on ET and it is possible that Notting-

ham cooling contributed to the heat balance of the protrusion(s).

To gain more insight in the responsible breakdown mechanism we based

ourselves on the assumption that the total pre-breakdown current was carried

by N identical protrusions. To determine which breakdown mechanism was re-

sponsible for the onset of a breakdown the maximum pre-breakdown current L ,

the critical current I for a cylindrical protrusion as given by equation

(2.3), the critical value I . for a truncated cone as given by equation (2.4),

both for a cathode initiated breakdown, and the critical value I derived
Ca

from equation (2.10) for an anode initiated breakdown were plotted in a graph

as a function of N. An example is given in figure 14, in which also an "experi-

mental curve" is drawn. The latter shows the current per protrusion if the

measured pre-breakdown current is equally devided over N protrusions. It has

three or fewer intersections with the theoretical curves for N > 1. The inter-

section of the experimental curve with the lowest theoretical one determines

in principle the breakdown mechanism. All the measurements were analysed in

this way. The first five breakdowns of the titanium electrodes seemed to be

cathode-initiated but in four cases this choice would lead to extremely small
—18 7 — 1R 2

emitting areas: from 1.1 x 10 m to 7.5 * 10 m . Probably the breakdown

mechanism was of a different nature [ 16] and these cases are disregarded in

the following discussion. On all other cases we found that for all combina-

tions the breakdown was anode-initiated.

This analysis of the measurements gives also insight in the number N of

emitting sites. In figure 15 histograms are shown for all four electrode com-

binations. It is apparent, that the number of emitting sites appears to fol-

low a distribution function whose average value depends on the cathode metal.
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Figure 16: Histograms of the dimensions of truncated cones on a stainless steel

cathode, as derived from breakdown measurements.
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5.2. Dimensions of the emitting sites

With help of the values of the total number N of emitting sites it is possi-

ble to calculate the height and the diameter of the emitting protrusions. Two

types of protrusions are considered: a cylinder with height h and a truncated

cone with half angle of 10° each capped with a hemisphere with radius r. For

a cylinder we use [1] :

r = (A/0.4TTN)2; h = (3 - 2) (A/0.4TTN)J (5.2)

and for a truncated cone:

r = (A/0.4TTN)1; h = 2(e - 5) (A/0.4TTN)" (5.3)

In figure 16 histograms are shown for truncated cones on a stainless steel

cathode. The histograms for cylinders are nearly the same, only the height

is a factor 1.8 - 1.9 smaller than for truncated cones. In a S E M with a re-

solution of 50 nm conically shaped features would be visible although most of

the tips would not be resolved. Only a few cylindrical protrusions with di-

mensions given by figure 16 would be visible.

5.3. Thermal conductivity of stainless steel and titanium

In Table V the mean values <N> of N are shown for the investigated combina-

tions .

Table V. Mean values <N> of the number of emitting sites

electrode combination

cathode

s.s.

Ti

s.s.

Ti

anode

s.s.

Ti

Ti

s.s.

<N>

(all measurements)

21 ± 17

36 ± 22

39 ± 20

30 ± 20

<N>

(conditioned electrodes)

23+17

45+18

39 + 20

30 ± 20
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I t is striking that the value of <N> should depend on the choice of the anode.
Ihe curve I in figure 14 will be shift if another value of the thermal con-ca
ductivity of the anode material is chosen. We have used in our calculations
K = 16 Win"1 K~1 for stainless steel and K = 17 Wm"1 K~1 for titanium [ 24] . But
K is not a constant. Powel [ 25] proposed for AISI 304 stainless steel

K =2.39 x~10~8 T a + 4.2 (5.4)

where a is the excisting electrical conductivity, also temperature dependent.

Tye et al. [26] found over the temperature range 300 - 1200 K values for K

which are within 5 %' of those given by the Powell equation. At 300 K they

found K = 14.9 Wm"1 K~1 and at 1200 K, K = 28.9 Wm~1 K~1. These values where

also found by others [ 27] for stainless steel with impurities < 0.60 % each,

except C. For titanium the published data for K in the temperature range above

1000 K are rather_few. The phase transformation from c.p.h. to b.c.c. in tita-

nium affects markedly its electrical resistivity and specific heat. Besides

the temperature"range over which the phase transformation and the accompany-

ing wide variations of electrical resistivity and specific heat occur are

strongly influenced by the impurity content of the titanium, particularly oxy-

gen. This causes difficulties in the evaluation of the thermal conductivity in

this region.Goel and Unvala [ 28] reported values of K = 36 Wm K . Extrapo-

lation of the values for stainless steel and titanium to their melting points

results in K = 36 Wm K~ for titanium.

Most of the breakdowns were anode initiated, that means that for the cal-

culation of N the intersection of the I -curve and the experimental curve was

used. The I -curves can approximated by

log I = - i log N + log I (5.5)

where I is the theoretical current for N = 1 (anode-initiated breakdown). The
experimental curve can be represented by

log I = - log N + log I, .

Equal values for I are obtained for:

(5.6)
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If the value of K must be multiplied bv a factor 1.5, the calculated
a A /T

value of N decreased by a factor 1.5 ' =1.7. The mean values of N for equal

cathode and different anodes are then nearly the same. These corrections on

K influence also the calculated values of the radius and the height h of the

protrusions as represented in figure 16. The corrected values are 50 % higher

than the dimensions calculated in section 5.2.

6. Conclusions

Electrical breakdown in ultra-high vacuum between plane parallel stainless

steel and titanium electrodes is initiated by thermal instabilities at the

anode due to field emission electrons. The microscopic breakdown field

strength depends on the emitting cathode area as derived from Fowler-Nord-

heim plots. Curves of log A vs ET are obtained for all electrode combina-

tions. These curves make it possible to predict the breakdown voltage from

Fowler-Nordheim plots of the pre-breakdown current, hence without causing

damage to the electrodes. Just before breakdown, spark conditioned titanium

electrodes, and also systems with titanium anodes can hold three times more

power than with stainless steel anodes. An electrode system consisting of a

stainless steel cathode and a titanium anode has the best voltage insulating

properties of the examined combinations.
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Chapter 6

SEM-study of stainless steel electrodes in ultra-high

vacuum

G.F. Beukema

Fysisch Laboratorium der Rijksuniversiteit Utrecht,

Princetonplein 5, 3584 CC Utrecht, The Netherlands

Abstract. Two stainless steel needle cathodes prepared in

different ways were examined in a scanning electron microscope

before and after electrical breakdown in ultra-high vacuum. On

one, very carefully prepared cathode no protrusions could be

found which could explain field enhancement factors of the or-

der of 10 to 100, as normally occur. On the other cathode a few

non-metallic protrusions were present. After a few breakdowns

four types of crater were found on the cathodes, three of which

were situated at places where prior to breakdown, protrusions,

inclusions or scratches and holes had been detected. After many

breakdowns the rims of craters can act as field enhancing pro-

jections and the erosion occurred by preference at these places.
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1. Introduction

Numerous experiments have shown that electrical breakdown of small gaps in

vacuum is always preceded by electron currents which increase exponentially

with the applied voltage. The pre breakdown current can be described quantita-

tively by the Fowler-Nordheim theory of field emission of electrons from the

cathode [ 1] , except that a discrepancy between the theoretical electric field,

required for the onset of field emission, and the applied field necessitates

the introduction uf a field enhancement factor B, if normal values for the

work function $ of the cathode material are assumed. The values of the field

enhancement factors measured is commonly explained in terms of the height to

base ratio of protrusions on the cathode surface. Although the presence of

such protrusions is widely assumed, their existence on broad area electrodes

could be demonstrated only in a small number of cases by workers [2,3] , who

published photographs of projections with height to base ratios of about ten.

The photographs were taken with the aid of a shadow electron microscope. Emis-

sion sites have been examined indirectly by means of a fluorescent screen

[4,5] , or by studying the transition radiation from the opposing anode with an

image intensifier telescope [ 6] .

Scanning electron microscopy has made it possible to examine the surface

at high magnification and depth of field. The problem of finding the emission

sites has been tackled in various ways. Farrall et al. [7,8] used a lead trans-

fer technique. Metallic lead, evaporated by electron bombardment was trans-

ferred from the anode to the cathode emission areas. The presence of lead in

microscopic regions was used in a subsequent scanning electron microscope-

and x-ray study of that surface to identify the emission regions. Cox [ 9]

used a probe hole technique in conjunction with a scanning electron microscope

(SEM) in situ. This work warrants the conclusion that emission sites do not

always fit a model of wiskers-like field-enhancing projections. Instead, low

enhancement regions like cracks or grain boundaries feature prominently as

emitting sites. Also dust particles could give rise to excessive emission

currents.

In the present work the dimensions of the cathode were about a factor 10

smaller than normally used broad area electrodes, but the treatment was the

same. The electrode area was still extensive with regard to the emission sites.

The emission and breakdown properties of these needle cathodes have already
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Figure 1: Electrode arrangement: (a) cross section;

(b) cathode and anode arrangement;

k_; needle cathode.
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been investigated [ 10,11]. In the present experiment the whole cathode was map-

ped out and suspicious places were photographed with a higher magnification.

After breakdown, the eroded surface regions could be compared with photographs

of the same regions prior to breakdown.

2. Experimental procedure

The experimental set-up and treatment of the electrodes was nearly the same as

in our previous experiments [12], Only the electrode arrangement was different.

Two stainless steel needle cathodes with hemispherical tips were used. The ra-

dius of the tips was 0.15 mm. The anode was a broad area electrode with a dia-

meter of 7 mm and rounded edges. The electrode separation was S.O mm. The need-

le cathodes were polished first with 600 and 1000 grade silicon carbide powder

and finally with aluminium oxide powder with particle sizes 1.0, O.'S and 0.05

pm respectively. After the electrodes had been rinsed ultrasonically with tetra,

acetone, alcohol and deionized water they were degassed in an auxiliary vacuum

equipment at 800 °C for 2 h at a pressure of 1*10~4 Pa. One needle cathode,

called needle I from now on, was investigated in the SEM and repolished until

most scratches and inclusions were removed. The other needle cathode, called

needle II from now on, was treated in a more simple way and showed many inclu-

sions and scratches. Moreover, needle I was used opposite a spark conditioned

anode. For that purpose needle I was mounted on a cathode disk together with

a plane cathode (see Fig. I). Before each experiment with needle I the plane

cathode was placed opposite the anode and these electrodes were conditioned by

sparks.

The main constituents of the stainless steel used for our electrodes were

iron (69.4 %), chromium (17.0 %) and nickel (11.0 %). Besides, traces of other

materials were present: Mn (1 % ) , Mo (0.8 V), Si (0.6 V), Cu (0.1 %~) and

Co (0.03 V).

The cathodes were examined in the SEM after polishing, degreasing and de-

gassing and again after emission currents of 1x10 A, and 1x1o~6 A, and also

after one, ten and a hundred breakdowns.
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(a) ... (b)

Figure 2: Scanning electron micrographs of a part of needle I after polishing,

degreasing and degassing.

(a) Many pits were present on the surface; the arrow marks a pit which is

changed after a breakdown.

(b) The only rough spot on the surface of needle I.

(a) (b)

Figure 3: Scanning electron micrographs of needle II after polishing, degreasing

and degassing.

(a) On the surface of needle II many insulating particles and inclusions were

present.

(b) The most protruding part of needle II.
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3. Experimental results

The experimental results are discussed in the same sequence as the experimental

programme outlined at the end of section 2.

3.1 . After polishing, degreasing and degassing

Some surface structures after polishing, degreasing and degassing are shown in

figures 2 and 3. On needle I very few scratches were present, but many pits. An

example is given in figure 2a. There was only one rough spot on the surface

which can be seen in figure 2b. No protrusions with height to base ratios of

about 10 could be found on needle I.

The surface of needle II was marked by many scratches and inclusions, see

figure 3a. The white spots in figure 3a indicate that many insulating particles

were present on the surface. The most protruding part is represented in figure

3b; the top of the lump is especially interesting and can give considerable

field enhancement. When the lump was examined at another scanning angle the

top appeared white, indicating that this consisted of insulating material.

3.2. After pre breakdown currents of 1x10 A and 1*10 A

During the first application of an electric field to maintain a current of

1*10~9 A, this current was very unstable, suggesting a great activity, espe-

cially for needle II. The voltage necessary for needle I to maintain this

current was twice that for needle II. No changes in the surface structure of

needle I could be found in the SEM.

On needle II an inclusion had protruding parts, which was not the case be-

fore current had been drawn (see figure 4a). After a current of 1x10"" A, re-

sulting in a slight conditioning for both cathodes, no changes of the surface

structure could be found. Radial spites seen on figure 4a in particular had

not undergone apparent changes.

3.3. After one breakdown

Only a small part of the surface of needle I had changed after a spark. A num-

ber of craters were present, each of which could be identified with pits al-
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Figure 4 a: Scanning electron micrograph of a part of needle II
-9

after an emission current of 1x10 A.

Figure 4 b; Scanning electron micrograph of the same part of

needle II after one breakdown•
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ready present on the surface before the spark. Figure 5 shows such a crater

formed in the place of a hole which can be seen in fig. 2a at the end of the

arrow.

Figure 5: Scanning electron micrograph

of a part of needle I after

one breakdown.
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On needle II one damaged spot could be found (figure 6a). Earlier photo-
graphs show that a protrusion was present in this place (see figure 6b, arrow),
which was now deformed. The radial spikes shown in figure 4a had disappeared
as can be seen in figure 4b.

Figure 6; Scanning electron

(a) Damaged spot after one breakdown.

(b) The same area before the spark.

(b)
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3.4. After a few breakdowns

After about ten sparks several craters were present on both needle cathodes.

On needle I the sparks took place in the neighbourhood of the rough spot (fi-

gure 2b), but this place itself did not take part in the discharge. All die

craters could be identified on earlier photographs as holes in the surface.

Figure 7 shows a part of the eroded area.

On needle II four types of crater were present. Two types can be seen in

figure 8. One had the form of an impact crater, but it is very unlikely that

Figure 7: Scanning electron

micrograph of a part of needle I

after a few breakdowns.

Figure 8: Scanning electron

micrograph of a part of needle II

after a few breakdowns. Two types

of crater formation can be seen.
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these types of crater were caused by impact of clumps, because earlier

photographs showed that non-metallic inclusions were already present. Also fi-

gure 9a shows a crater with a particle in it. In figure 9b one can see that be-

fore the spark this particle was already present as an inclusion.

The second type of crater consisted of almost circular holes surrounded

by a more or less smooth rim (see the lower one in figure 8), This type of

crater was also found by Daalder [13] on cadmium and copper electrodes eroded

by a vacuum discharge of 100 A. For this type of crater no suspicious features

could be found on earlier photographs.

Figure 9: Scanning electron

micrograph of a part of needle II.

(a) After a few breakdowns several

craters were present on the

surface.

(b) The same area before any

breakdown. Some inclusions

can be observed which were

changed into craters after

a few breakdowns.

(a)

(b)

96



The third type of crater is shown in figure 10a. In the centre of the

crater the remainder of a protrusion was still present. This protrusion could

also be found on earlier photographs (see figure 10b, arrow).

The fourth type of crater had been formed on locations of scratches and

holes and is of the same type as those found on needle I. An example is given

in figure 10a (above that of the third type). The protrusion on needle II

shown in figure 3b was still unchanged after ten sparks.

Figure 10: Scanning electron

micrograph of a part of needle II.

(a) Third type crater (arrow), in

the centre of the crater a

protrusion was still present.

Above this crater a crater of

type four can be seen.

(b) The same area before any

breakdown. The protrusion

was already present (arrow).

(a)
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3.5. After many breakdowns

After a hundred breakdowns the eroded part of needle I had extended and the
damaged spot was also affected. Most of the craters could be identified on
earlier photographs as pi ts and grooves. Only a few could not be identified
and these looked like the second type of crater, as found on needle II (see
figure 11, arrows).

Figure 11: Scanning electron micrograph of a part of needle II.
Most of the craters could be identified as holes and
pits on earlier photographs. The craters which could
not be identified looked like the second type craters
of needle II (see-arrows).
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Oh needle II the protrusion shown in figure 3b had disappeared. In this

place now a crater'of the third type was present with very irregular walls

(see figure 12). The number of craters was far above hundred and most of them

were of the second type. Hie diameter of these second type craters varied from

0.5 ym up to 7 vm. After a few more breakdowns the rims of some craters had

changed (see figure 13, arrows).

Figure 12: Scanning electron

micrograph of a part of

needle II after many break-

downs . The feature in the

centre of the crater (arrow)

is the remnant of the most

protruding part of needle II

as shown in figure 3 b•

Figure 13: Scanning electron

micrograph of the same part

of the surface of needle II

as shown in figure 12 after

a few more breakdowns.

Notice that some crater lips

had disappeared (arrows).
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4. Discussion

Previous experiments with needle cathodes [ 10] have shown that for new elec-

trodes, field enhancement factors B as high as 100 could be derived from Fow-

ler-Nordheim plots. After a few breakdowns e decreased to about 20. In the

present investigation several protrusions could be found on one of the elec-

trodes, some of which had insulating properties. Furthermore it is open to

question whether pits, holes, scratches and inclusions must be considered as

possible emitting sites. Maskrey and Dugdale [ 14] have found that erosion of

stainless steel electrodes occurred at inclusion sites. They suggested that

once an ionized vapour cloud has been established in the gap, the inclusions

are charged, resulting in a trigger discharge. The necessary ionized vapour

may be produced initially at the anode by the action of electron beams emitted

from protrusions on the cathode surface or by evaporation of the field emit-

ting protrusions themselves.

The first possibility seems unlikely in the present case in view of the

small value of the electron multiplication efficiency [11] of 1x10" for an
5 -2electron energy of the order of 10 keV. Ion current densities of 10 Am are

necessary for breakdown of inclusions [14]. The dimensions of the inclusions

in the present experiments were below 10" m • This means that the electron

current must be of the order of 1 A, as compared with actual values of about

1x10* A; besides it must be assumed that all ions hit one inclusion. The

second possibility is more realistic, because the source of the vapour is

nearest to where the electron beam has the highest ionization efficiency

(50 eV). This could explain why in some cases the inclusions in the surroun-

dings of a protrusion were changed by a spark [12].

Miller [ 15] has found from field emission microscopical observations that

extremely small insulating particles on the cathode may decrease the potential

barrier at the surface to such an extent that the current density becomes ex-

ceedingly large. This means that the geometrical dimensions of the protrusions

can be less extreme than the field enhancement factor necessitates.

Cox and Williams [ 16] reported that the initial strong emission which in-

variably passes between a pair of electrodes subjected to a high electric

field in vacuum seems to come, not from the actual cathode surface, but from

the junction between the surface and a microscopic insulating particle on it.

Pokrovskaya et al. [17] found that in the case of SiO2 inclusions, the

breakdown results in fusing the iron near the inclusions, whereas on cathodes
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with FeS inclusions, the inclusion material melts. They conclude that this dif-

ference is determined by the melting temperature ratios for the cathode and

the inclusion material.

On needle II both types of melting were found. Melting of a protrusion

without erosion of the surroundings (figure 6a) and melting of the surroun-

dings took place with the protrusion at least partly intact (see figures 10a

and 12). On needle I no protrusions were found at the beginning of the experi-

ment. The field enhancement factor was also smaller than the e of needle II,

but could not be explained by the surface structure as represented by the SEM.

The sharp edges of holes and pits could certainly contribute to the observed

field enhancement. At all events the first erosion occurred at those places.

Besides one must bear in mind that the pits were caused by the removal of in-

clusions and the chemical composition of the walls of these pits is not known.

After many breakdowns the rims of craters and especially the lips were

changed (see figure 13). It is questionable whether these features are the

protrusions which are introduced to explain the measured field enhancement

factor for spark conditioned electrodes. Daalder [13] has shown that the rim

material is partly deposited on the surface and partly free from it, the lat-

ter suggesting that fast solidification occurred during the process of erup-

tion. If the lip of the crater shown in figure 12 was loosely bound to the

surface it could be bent in the electric field. A rough estimate indicates
8 -1that an electric field of 3x10 Vm may cause a lip of typical dimensions

of the order of 10 m to rise perpendicular to the surface. For a conditioned

needle cathode this value of the electric field is not impossible [ 10] .

5. Conclusions

In addition to protrusions, there were inclusions, scratches and holes on the

tainless steel needle cathodes which could contribute to the field enhancement

normally assumed to explain the pre-breakdown current.

After the application of an electric field a feature had developed radial

spikes, acting as field enhancing projections. After one spark the spikes had

disappeared.

After some breakdowns four types of crater were found on the cathode

surface.

The rims, and especially the lips, of craters can act as field enhancing

projections for spark conditioned electrodes.
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Samenvatting

Vacuum wordt op uitgebreide schaal toegepast voor de isolatie van hoge span-

ningen: in röntgeribuizen, elektronenmikroskopen, deeltjesversnellers en -sepe-

ratoren, vacuumschakelaars. De bruikbaarheid wordt begrensd onder meer door

het risico van een elektrische doorslag tussen de hoogspanningselektroden.

Zo'n gebeurtenis is vaak onvoorspelbaar en desastreus, zowel operationeel als

financieel: de volgende doorslag zal meestal bij Ö»TI lagere spanning optreden

en het apparaat voldoet niet meer aan de pe.i :^\dz Lsen.

Het ontstaan van zo'n elektrische doorslag Lussen elektroden waar geen

medium tussen zit is al vanaf 1897 onderwerp geweest van experimentele en

theoretische studies. De complexiteit van het probleem, waarvan in hoofdstuk I

van dit proefschrift een overzicht wordt gegeven, heeft tot gevolg dat met

name de experimentele resultaten weinig overeenkomst vertonen. De bijbehorende

theoretische verklaringen zijn vaak slechts toepasbaar in een beperkt gebied,

waarvan de grenzen door de onderzoekers niet of nauwelijks zijn aangegeven.

In de zestiger jaren werd wel duidelijk dat, in ieder geval voor spanning-

en tot 100 kV, de elektrische doorslag in ultra-hoog vacuum tussen goed ont-

gaste, schone elektroden voorafgegaan wordt door veldemissie-elektronen.

Alleen blijkt het elektrische veld dat nodig is om deze stroom te verklaren

enkele orden van grootte lager te zijn dan uit de theorie volgt. Daarom werd

aangenomen dat het elektrische veld aan het kathode oppervlak versterkt werd

door mikroskopisch kleine uitsteeksels, z.g. protrusions. Het onderwerp van

dit proefschrift is een onderzoek naar de aanwezigheid, het ontstaan, het ver-

anderen en het verdwijnen van deze veldversterkende gebieden.

Met behulp van z.g. Fowler-Nordheim grafieken, waarbij de logarithme van

de stroomsterkte I gedeeld door het kwadraat van de spanning V is uitgezet
2

tegen het omgekeerde van de spanning (log I/V tegen 1/V) is informatie te
verkrijgen over de toestand van het kathode oppervlak. Meestal is zo'n gra-

fiek een rechte lijn, wat er op duidt dat de stroom I bestaat uit veldemissie-

elektronen. De helling van deze lijn is een maat voor de veldversterkingsfac-

tor. Ook het emitterend oppervlak kan m.b.v. een Fowler-Nordheim grafiek be-

paald worden. Deze twee grootheden bepalen de emitterende eigenschappen van

de kathode. Een elektrische doorslag kan ontstaan door thermische instabili-

teit van emitterende plekken op de kathode (cathode-initiated breakdown) of

van door veldemissie - elektronen getroffen gedeelten van de anode (anode-
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initiated breakdown). Het is (voor vlakke elektroden) vaak experimenteel moei-

lijk te bepalen welk mechanisme de doorslag veroorzaakt, waardoor het niet een-

voudig is suggesties te doen om de isolerende eigenschappen te verbeteren.

In hoofdstuk II wordt de "cathode-initiated breakdown" onderzocht m.b.v.

een elektrode-configuratie die zo gekozen is dat de verwarming van de anode

geen rol speelt. Tevens wordt in dit hoofdstuk aangegeven hoe de veldverster-

kingsfactor verkleind kan worden d.m.v. ionen bombardement van het kathode

oppervlak. De ionen worden in de buurt van de emitterende plekken op de katho-

de gemaakt door de veldemissie-elektronen. De mikroskopische doorslagveld-

sterkte blijkt met name voor roestvrij stalen elektroden een funktie te zijn

van het emitterende oppervlak.

Restgassen kunnen invloed hebben op de doorslageigenschappen van elek-

troden in vacuum. Bij zeer lage druk, beneden 0.1 yPa, is het effekt van het

vrije gas weliswaar te verwaarlozen, maar het geadsorbeerde gas kan recht-

streeks, door verandering van de uittree-potentiaal van het kathode materiaal,

of indirekt, door elektronendesorptie, de emitterende eigenschappen van de

kathode beïnvloeden. In hoofdstuk III wordt beschreven, dat de desorptie van

gassen door elektronen met name optreedt als de hoogspanningselektrode nega-

tief is (vlakke elektroden). Dit effekt, dat van belang is bij alle vacuum-

hoogspanningsapparatuur waarbij de hoogspanningselektrode negatief is t.o.v.

de wanden van de vacuümkamer, of waarbij met wisselspanning gewerkt wordt,

werd nader bestudeerd m.b.v. de elektroden geometrie die ook in Hoofdstuk..II

gebruikt is: een naaldvormige kathode en een half-bolvormige anode. De emit-

terende eigenschappen van een goed geconditioneerde kathode worden nadelig

beïnvloed door desorptie van op het anode oppervlak geadsorbeerde deeltjes

als de stroamdichtheid kleiner is dan 10 Am" . Deze deeltjes kunnen dan, als

neutralen of als ionen, de emitterende eigenschappen van de kathode beïnvloe-

den .Dit is vooral het geval in apparaten waarvan het anode oppervlak groot is

en het elektrisch veld vanaf de kathode gezien divergerend.

Het is opvallend dat zeer goed en met zorg gepolijste oppervlakken veld-

versterkingsfactoren vertonen in de orde van honderd. Dat betekent, dat er op

het oppervlak uitsteeksels zitten die een hoogte/diameter verhouding bezitten

van 10 a 100, of dat er krassen op zitten met zeer scherpe randen. De veld-

versterkingsfactor wordt gemeten door een elektrisch veld aan te leggen en de

vraag is of VÓÉV het aanleggen van het veld de veldversterkingsfactor al de-

zelfde waarde had. In hoofdstuk IV wordt experimenteel aangetoond dat een goed
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geconditioneerde kathode (veldversterkingsfactor * 40) verslechtert als deze

geplaatst wordt tegenover een nieuw gepolijste, goed schoongemaakte en ont-

gaste anode, en een elektrisch veld wordt aangelegd van 5 x 1 0 Vm (11 van de

doorslagveldsterkte). Het wordt aannemelijk gemaakt, dat min of meer losge-

bonden deeltjes ("clumps") op het anode oppervlak opgeladen worden in het

elektrisch veld en versneld de kathode bereiken. Weliswaar is de snel-

heid waarmee ze op de kathode botsen beperkt maar met een simpel rekenmodel

wordt aangetoond dat de temperatuur van het kontaktoppervlak het smeltpunt

kan bereiken, zodat vastlassen cf, als het deeltje weer losgescheurd wordt,

het ontstaan van uitsteeksels de toename van de veldversterkingsfactor kan

verklaren. M.b.v. een elektronenmikroskoop werd het kathode oppervlak onder-

zocht vóór en na het aanleggen van een elektrisch veld. Voor het eerst in de

literatuur wordt een "protrusion" getoond vóór en na een doorslag.

Dat conditioneren van vlakke elektroden d.m.v. ionen bombardement een

aanzienlijke verlaging van de veldversterkingsfactor tot gevolg heeft, maar

nauwelijks een verhoging van de doorslagspanning, wordt ook in hoofdstuk IV

aangetoond, vergezeld van een theoretische verklaring.

Twee metalen die veel als elektrodemateriaal in vacuum-hoogspanningsappa-

ratuur gebruikt worden, zijn roestvrij staal en titanium. Beide metalen zijn

op hun doorslag-eigenschappen onderzocht d.m.v. vergelijkende metingen m.b.v.

een geavanceerde elektrode opstelling. In hoofdstuk V worden deze experimenten

beschreven en de resultaten geanalyseerd. Aangetoond wordt, dat meerdere emit-

terende gebieden op het kathode oppervlak aanwezig moeten zijn om de metingen

in overeenstemming te brengen met de eveneens ontwikkelde theorie. De meeste

doorslagen blijken dan te ontstaan t.g.v. instabiliteiten aan de anode. De

microscopische doorslagveldsterkte blijkt een funktie te zijn van het emit-

terende oppervlak. De gevonden afhankelijkheid doet eveneens vermoeden, dat

de doorslag ontstaat aan de anode, waarbij de indringdiepte van veldemissie-

elktronen in de anode niet te verwaarlozen is. De combinatie roestvrij stalen

kathode - titanium anode heeft de best isolerende eigenschappen van de onder-

zochte combinaties.

Het zoeken naar uitsteeksels op een kathode-oppervlak is als het zoeken

naar een speld in een hooiberg. Op een kathode-oppervlak van 1 cm zijn ze

dan ook bij geluk te vinden. In hoofdstuk VI worden resultaten van een onder-

zoek beschreven waarbij de kathode slechts een oppervlak had van 10~4 cm2.

Hierbij was het mogelijk de gehele kathode op een redelijke schaal "in kaart"
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te brengen. Verdachte plaatsen werden met een grotere vergroting gefotogra-
feerd. Na een doorslag bleek er een verandering in de oppervlaktestructuur te
constateren te zijn. De aangetaste plek kon op vorige foto's geïdentificeerd
worden als een uitsteeksel (protrusion), dat na de doorslag gesmolten was.
Na meerdere doorslagen bleken talr i jke kraters op het oppervlak aanwezig te
zijn, die verdeeld kunnen worden in vier categorieën. De uitlopers van kraters,
die zich vei heffen in het elektrische veld zijn de vermoedelijke emissiecentra.
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en wel op:

1. Fünfte Internationale Tagung über elektrische Kontakte, München, mei 1970.

2. V International Symposium on Discharges and Electrical Insulation in

Vacuüm, Ppznan, september 1972.

3. Colloquium vakgroep Hoge Spanningen en Hoge Stromen, Technische Hogeschool

Eindhoven, juni 1973.

4. Colloquium Holec Switchgear Group, Hengelo, mei 1980. •

5. IX International Symposium on Discharges and Electrical Insulation in

Vacuum, Eindhoven, september 1980.
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