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PURPOSE

The factors influencing breakdown in high voltage vacuum
devices will be discussed. Data and concepts will be presented which
should be useful in the design of microwave and modulator tubes that

must operate at voltages greater than 100 kV.

s WO SO 2




Section

TABLE OF CONTENTS

PURPOSE
INTRODUCTION
HIGH VOLTAGE VACUUM BREAKDOWN PROGRAM
2.1 Introduction
2.2 Prebreakdown Phenomena
2.3 Seven Factor Experiment
2,4 Electrode Size and Gas Content
2,5 Five Factor Full Factorial Experiment
2.6 Energy Conditioning Study
2.7 Barium Contamination Study
2.8 Major Conclusions
2.9 References
BASIC PHENOMENA OF VACUUM INSULATION
3.1 Introduction
3.2 Theories of Vacuum Breakdown
3.2.1 Field Emission
3,2.2 DParticle Exchange
3,2.3 Clump Hypothesis
3.2.4 Discussion
3.3 References
FACTORS IN VACUUM INSULATION OF METAL

ELECTRODES

4,1 Introduction

4,2 Electrode Material
4.3 Conditioning

4.4 Electrode Spacing
4.5 Electrode Geometry

2-5

3-1
3-1
3-4
3-7
3.7
3-7
3-13
3-13

4-1
4-1
4-1

4-13
4-17

I




Section

4.6
4.7
4.8
+.9
4.10
1.11

4.12

TABLE OF CONTENTS (Continued)

Time Effects

Environmental Effects in Vacuum Breakdown
Dielectric Coating of Electrode Surfaces

The "Pressure Effect' in Vacuum Insulation
Electrode Temperature

Conclusions Regarding Factors in Vacuum
Insulation

References

SOLiID DIELECTRICS IN VACUUM INSULATION

5.1
5.2
5.3
5.4

Introduction
Grading and Mechanisms of Flashover
Techniques for Increasing Flashover Voltage

References

iii

- ——————— ——

Page

4-20
4-22
4-28
4-28
4-32

4-33
4-33

5-1
5«1
5-1
5-1
544

I

Y T

. N | .
AR LY

N

W




1, INTRODUCTION

Ideally, vacuum is the best voltage insulator, with stress levels up
to lO7 V/cm limited only by emission from electrode surfaces. In practice,
stress levels fall orders of magnitude short of this level, and vacuum insulation
has been used only where its physical properties are essential - for example,
in the control and acceleration of charged particles to high energies. Recent
developments and consequent requirements of high power radar, high energy
particle accelerators, and space exploration have enhanced the importance of

vacuum insulation., Its more important applications include:

(1) High Power High Voltage Vacuum Tubes
(2)  Acceleration Tubes

(3) X-Ray and Field Emission Tubes

(4) Electron Microscopes

(5)  High Quality Capacitors

(6) Circuit Breakers

(7)  Electrostatic Particle Separators

In all cases, one of the prime performance limiting factors is break-
down of vacuum insulation, It is not surprising, therefore, that vacuum break-
down and the factors which affect it, have beenr the subject of extensive investi-
gation over the past 40 years. Unfortunately, for most of this time, these
investigations, as evidenced from the resulting literature, produced a wide
divergence in both the data and the theories which were generated from the
data. Indeed, it was not untii relatively recently that a measure of coordination
and rationalization of data and theories has been achieved, and this only for
voltages below 100 kV. At the higher voltages needed for very high voltage
high power vacuum tubes used in many high power radar systems, serious
problems have been,and are encountered both in the design and reliable opera-
tion of the tubes. Accordingly, over the last five years a controlled factorial
prcgram investigating vacuum breakdown up to 300 kV under conditions perti-
nent to high power vacuum tubes has been carried out by len Physics Corpora-

tion for ARPA and the USAECOM. The present "Handbook of Vacuum
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Insulation' is produced as part of this program. It draws upon experimental
work, the literature dealing with vacuum insulation, and meetings with per-
sonnel concerned with high voltage insulation and discharges in vacuum, and
in particular with high voltage vacuum tubes. The handbook is intended both
as an introduction to, and realistic appraisal of, the use of vacuum as the in-
sulating medium for high voltage and high power tubes. As such,it contains
general discussions and recommendations pertaining to factors, levels, com-
binations and interactions of same, preparation, conditioning and operating
procedures, etc, withcut, however, going into engineering and manufacturing
details, discussion of which are best given in individual tube handbooks.

It is important to recognize, at the outset,that a thorough understanding
of high voltage vacuum insulation and the mechanisms of breakdown is,to some
extent,incomplete. Indeed, several diffcrent mechanisms can explain most
experimental effects, and those mechanisms are complex, depending as they
do on the properties of a surface-to~vacuum interface. However, mean stress
levels of 100 kV/cm can be reliably obtained with vacuum insulation and it is
possible to improve this by an order of magnitude under cex>tair. conditions.

In order, the remainder of the handbook first describer briefly the
experimental program, This is followed by an introduction to the basic phe-
nomena of vacuum insulation and a short review of the majocr theories of vacuum
breakdown, The factors of practical import which influence insulation of metal
electrodes in vacuum are then discussed in some detail. A final section briefly

discusses the role of solid dielectrics in vacuum insulation.

1-2




2. HIGH VOLTAGE VACUUM BREAKDOWN PROGRAM

2.1 Introduction

The experimental program underlying this handbook is briefly des-
cribed in this section. Detailed results can be found in Quarterly Progress
Reports“) and the Final Report(Z) - "High Voltage Breakdown Study.'" The
primary effort was to identify and study the factors of practical import which
influence the breakdown voltage of approximatcly uniform-field vacuum gaps
of .25 to 3,0 ecm, Factorial designa’ was chosen as an experimental technique
because it provides a powerful tool for the analysis of the results and enables
information to be derived from a minimum number of experiments on both the
effects of individual factors and on the degree of interaction among factors --
the latter proved to be of great importance in vacuum breakdown.

Six major experimental blocks hased on factorial design investigated
the factors of electrode material, electrode geometry, gap length, conditioning,
discharge energy, electrode gas content, surface finish, transverse magnetic
field, gas exposure and barium contamination. The experiments were performed
ir a clean, baked vacuum at 10"8 torr. The effects of most of the factors were
complex; significant interactions between factors were common. Conditioning
was one of the most important factors and, when high energy (up to 6750 J)
discharges were used, anode mat.:rial became the dominant factor in determin-
ing breakdown voltage. The breakdown voltage for a wide range of anode mate-
rials (Cu, Ni, SS, Al, Pb, and Ti-7 Al-4 Mo) was found to correlate with physi-

cal properties of the anode.

2.2 Prebreakdown Phenomena

The initial experiment(4) explored prebreakdown phenomena in an
attempt to discover criteria for incipient breakdown. Current, pressure
surges, optical and X-radiation were monitored -- none provided a reliable
indicator of incipient breakdown. For unbaked electrodes, pulsed self-

extinguishing discharges ("'microdischarges'’) precr led steady field emission
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currents, Release of gas (NZ and HZ) was often found prior to breakdown.
Conditioning by controlled evolution of gas was found to yield higher breakdown

voltages than spark conditioning.

2.3 Seven Factor Experiment

Anode and cathode material, anode and cathode surface finish, anode
and cathode geometry and bakeout were investigated as factors at two levels
(5)

each in a fractional factorial design of 32 treatments. Both anode and cathode
material were important, with Ti-7 Al-4 Mo better than OFHC copper. Elec-
trode surface finish was not significant after several breakdowns. Electrode
geometry was significant, with spherical anodes having a higher breakdown
voltage than uniform field electrodes. Finally, bakeout of the entire system

was important and the rather high apparent scatter in the factorial analysis

could be attributed to lack of control of gas content of the electrode materials.
Breakdown voltage was found to vary as the square root of the gap and the maxi-

mum prebreakdown current was often inversely proportional to the square root

of the gap.

2.4 Electrode Size and Gas Content

Observations of gas release prior to breakdown led to the design of
the next experiment“’) which investigated,in a three factor design,the effects
of firing the anode or cathode electrodes in either vacuum or hydrogen at
900°C, Two sizes of uniform field electrodes were used and the effect of gas
content was found to depend both on gap and electrode size. These results led
to the hypothesis that breakdown is initiated by a beam of field emitted elec-
trons which heats up the anode to a temperature at which gas is evolved copi-
ously into the gap. The gas accumulates and ionizes in the beam at an average
rate depending on both electrode geometry and gap length. At a critical gas
density the process becomes unstable and breakdown occurs. This mechanism

has been theoretically developed by Watson., (7
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2.5 Five Factor Full Factorial Experiment

The next experiment.(s) of five factors (32 treatments), was designed to
explore in more detail the phenomena and mechanisms described above. The
factorial results, while fitting into the expected pattern, proved so complex as
to preclude any simple description, Electrode material and size were most
impurtant with copper better than aluminum and small anodes (1.28'" dia)
better than large (4" dia). A transverse magnetic field of 100 to 400 G was
found to raise the breakdown voltage for small gaps (<.75 cm) and lower it
(~20%) for large gaps (.75 cm). Averaged breakdown voltages from a large
number of tests showed that the dependence of breakdown voltage on gap was
linear for small gaps (.. 75 cm) and as the square root of the gap for large
gaps (.75 cm). Exposure to gas, at pressures up to 15 psia, of electrodes
which had been conditioned to high breakdown voltages reduced the breakdown
voltage severely if the gases were subject to contamination (factory atmosphere);
for pure gases (OZ. Nz) the reduction in breakdown voltage upon exposure was

slight and transient,

2.6 Energy Conditioning Study

The energy conditioning study investigated in detail conditioning with
discharges, having available energy levels of from ~ 50 J to 6750 J over a range
of electrode materials and sizes for uniform field geometry. Further control
of discharge characteristics was provided by series resistance variations
(from 25 ohms to 30 kilohms),and a fast crowbar which could divert energy
from the vacuum gap within 500 ns of the initiation of the discharge.

The average initial breakdown level was about 140 kV for a 0.75 cm
gap. High impedance conditioning raised the average breakdown voltage to
200 kV. Moderate energy conditioning with 1 kilohm series resistance and
0, 15 uF capacitive energy storage reduced this to 187 kV, The scatter,as
measured by the standard deviation increased from 4,5% to about 14%. High
energy discharges (total series resistance of 25 ohms with a ., 15 uF capacitive
ener gy storage) simulated failure of a high power vacuum tube under operating

conditions., The overall average breakdown voltage dropped to 145 kV with

2-3 ¢
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occasional values as low as 35 kV. Reconditioning was generally possible.

It was found that anode material became a dominant factor when dis-
charge energy was high., Anodes of Ti-7 Al-4 Mo, nickel and stainless steel,
after an initial sharp drop in breakdown voltage upon introduction of high energy
discharges, improved in holdoff as a result of approximately 50 to 100 high
energy discharges, Cathode material was not important and a copper cathode
opposite a Ti-7 Al-4 Mo anode held 300kV across a . 75 cm gap (4" dia uniform
field electrodes). Examination of electrodes after testing revealed an extensive
transfer of anode material to the cathode in form of a condensed film and dis-
crete droplets. The anode surface was severely eroded and melted.

Linear multiple regression analysis was used to correlate physical
properties of anode material with the maximum breakdown voltage during an
extended high energy discharge series for anodes of copper, aluminum, nickel,
Ti-7 Al-4 Mo, and 304 stainless steel. Melting point temperature (Tm). spe-
cific heat (Cp) and density (Dm) were found to give the most reasonable fit to

an equation of the form:

Breakdown A Tm Cp Dm (1)

A maximum breakdown voltage of 72 kV was predicted for a lead anode --

the experimental value was found to be 76 kV,

2.7 Barium Contamination Study

High voltage vacuum tubes, which use a thermionic cathode of the
Barium Oxide type to supply the necessary electrons, are usually limited to
lower electric stresses than tubes not subject to the decomposition a:..d evapo-
ration products from this heated cathode. The most probable explanation for
this lowering of operating stress is the reduction of work function of the metal
surfaces when barium and/or barium oxide is deposited. This would lead to
higher prebreakdown currents and lower breakdown voltages than for the un-
contaminated case,and has been demonstrated at voltages below 100 kV by

Brodie(g). The effects of barium contamination at higher voltages have been
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studied in an experiment with uniform field electrodes of copper, nickel, Ti-7
Al-4 Mo, and stainless steel fired in vacuum, baked and corditioned prior to
contamination from a typical heated Barium Oxide thermionic cathode.

It was found that the effect of barium contamination of the anode was
negligible, Cathode couirtamination caused a drop in breakdown voltage of as
much as 50%. Prebreakdown current was sometimes increased and, in general,
breakdown occurred at lower total current levels than before cathode contamina-
tion, In most cases conditioning with either low (10 J) or high (6750 J) energy
discharges restoicd i:reakdowwn voltage and prebreakdown current to levels
typical of uncontaminated electrodes. However, in several cases, high energy
discharges transferred to contaminated cathodes anode material which did not
adhere as well as is usual on clean cathodes, This layer then fractured
to form targe (-1 mm), and sharp field enhancing projections which led to

low breakdown voltages (40 kv at . 75 cm), and high prebreakdown cur-

rents.,

2.8 Major Conclusions

Factors, such as electrode geometry, and the processing of materials
have a complex influence on vacuum breakdown. Conditioning was the most
significant factor, especially for high energy discharges. Anode material was
then a crucial factor with refractory metals (Ti, Ni, SS) better than non-refrac-
tory metals (Cu, Al, Pb). Barium contamination of the cathode lowered break-
down voltage and. under high energy discharges,led to permanent damage due
to poor adhesion of transferred anode material, The breakdown voltage varied
linearly with gap up to ~ 7mim, and as the square root of the gap above ~ 7 mm.
Anode gas evolution due to field emission beams and particle extraction from

thermally softened anode regions were indicated as breakdown mechanisms.,
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3. BASIC PHENOMENA OF
VACUUM INSULATION AND BREAKDOWN

3.1 Introduction

Vacuum insulation exists when the mean free path for electrons is
much greater than the :nterelectrode distances. This occurs in normal appa-
ratus at pressures below 10-3 torr. Then, the usual charge multiplication
processes are impossible and other mechanisms lead to conduction and break-
down. The proceedings of three recent international symposia(1'2’3) on
vacuum insulation contain both up-to-date information on, and discussion of
the various mechanisms. liere,only the major phenomena are described.

The primary prebreakdown conduction process in vacuum is field
emission of electrons from the negative electrode (cathode). When a high
electric field is applied to a vacuum-metal interface, the surface potential
energy barrier is thinned sufficiently so that free electrons in the metal can
tunnel through and escape into the vacuum (see Figure 3-1). Fowler and Nord-
heim, () in 1928, derived the following equation to describe field emission:

2 -B/E
B/

I = AE (1)

where:
E = Electric field strength
A = Constant, depending on emitting area

B = Constant,depending on work function ¢ of the metal surface

The exponential term is dominant, and a typical voltage (field-current)
measurement of field emission from a tungsten needle whichk had been etched
to a very sharp point is given in Figure 3-2, Appreciable currents are pro-
duced by fields of the order of 3 x 107 volts/cm, In the normal vacuum break-
down experiment with broad area electrodes, field emission currents appear
at macroscopic fields around 105 volts/cm, This disparity is resolved by
introducing a field enhancement factor g which raises the mean field (given

v
by g ) to the true field at the emitting site, In some cases, this enhancement

3-1




do'yINgG [e}a)N je Jatrreg A8xauy
{eljuajod jo Burpsuunj, uorsstwy prarg °I-¢ @andrg

0o=X
NNNOVA TYLIN
- X
AN
~
~
//.
N 3
// ——
A
~
:
101110q yBnosy; <0 <0 <o oy T
fouung uoy suosidseiy Ny ﬁv
4015409 D1jUuejOd junyinsey \A /I
- ~
U TREITTELIT) S
iDuleixe of snp ABisus fot14uejod ~ I/;ﬁ %
VAEAN
$304iNS )D}3W U0 peanpu} PR S
984043 0} enp ABiaus |p1us04 — S

ASY3NI TVILIN3LOd OY3Z

A9Y¥3IN3

1-4239

3-2




'°L06 1 (1 in Amp)

1-4240

| I ] ! 1 i i I 1
\ A Direct Currents
— p \ o Pulsed Currents n
*»
"\s> o Data Reproduced
] o
-
I | | 1 1 | | 1 ]
0 0.5 1.0 1.5 2.0 25 30 35 40 45
104 /V (VinVolt)
Figure 3-2. Fowler-Nordheim Plot of Voltage and Current
for Field Emission from Tungsten Emitter with Space (5)
Charge Deviation at Large Currents (After Dyke, et al ™ ')
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can be identified with mic1on ¢,zed projections on the cathode surface (see
Figure 3- %), These projcciiuns, or whiskers, are not to be confused with
usual surface irregularities. Whiskers are much smaller, and their origin is
not certain in all cases. [hero os considerable evidence that electrical stress
of the electrode surfaces & & picrequisite tor their appearance. A typical
field enhancement factor 1, airraound 100,

In addition to st. .dy currents due to field emission, transient pulses

of current termed microaischay s may also occur, These have amplitudes of
HA to mA level and durati n ot 11 0's us to ms and are self extinguishing, The
voltag. across the gap i~ ,«."... .l by only a few percent for each microdischarge,
Microdischarges are the oht to wr1se from the regenerative exchange of posi-
tive and negative ions, tnus o« «rriag more readily in contaminated systems.
The voltage threshold fo* .'. i ppearance can be raised by rcpeated discharges.

A typical microdischarge vavororm is given in Figure 3-4.

Other phenomena associated with electrical stress in vacuum are pro-
duction of gamma radiation Ly electron impact with the anode, visible and infra-
red radiation, gas evolution from the electrodes, ionization of residual gases,
and transport of electrode i....1..rial -- primarily from anode to cathode, It is
useful to rerrember that alniust all of these phenomena occur at the vacuum-
metal interface. This surface is complex and in continuous change due to

variations in the ambient vacuum and the applied electrical stress.

3.2 Theories of Vac.aun., Breakdown

Field emission considerations would place a limit on vacuum insula-
tion strength of about 3 107 volts/em, Even under ideal conditions, vacuum
gaps often fail to sustain fields of more than 106 volts/cm, This failure to
achieve the theoretical strength of vacuum, and the usual experimental finding
that the field at breakdown decreases as the gap separation and total voltage
increase, have stimulated many experimental studies. Breakdown, which is
the complete collapse of \oltagc across the gap, involves a sudden transition

-12

{often in less than 100 ns) irom limited prebreakdown currents of 10 to

-3
10~ amperes, to a low vultage arc of hundreds or thousands of amperes,whose
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Figure 3-3 Microprojection (Whisker ) Produced After
Electrically Stressing on Optically Flare Stainless
Steel Surface (after Little and Whitney(b))
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magnitude and duration are limited only by the external electric circuit. A
wide variety of mechanisms have been proposed in attempts to expiain practical
experience with vacuum insulation, These reduce, cssentially, to three major

types of instability mechanisms for explaining vacuum breakdown,

9
3.2.1 Field Emissionw’ )

Field emission currents from a cathode protrusion (whisker) resis-
tively heat the protrusion., The electron beam also heats the opposite anode
surface, When a critical current density is reached, the t>p of the protrusion
may melt or explode (Figure 3-5), initiatiating breakdown. Alternately heating
of the anode may first lead to breakdown through generation of gas at the anode
(Figure 3-6). Which mechanism occurs first is a function of gap, surface con-
dition, and electrode materials. Thkc critical field has been measured to be
6 x 107 V/cm (Figure 3-7 ) and the crossover between cathode and anode domi-

nated breakdown is around 1 mm (Figure 3-8),

3.2.2 Particle Exchange

Electrons, positive ions and negative ions due to secondary emission
processes could lead to breakdown if the exchange between electrodes becomes
unstalle. Positive ions,produced by electrons,would themselves produce more
electrons and so on,as shown in Figure 3-9 ., Photons might also participate.
The process would be unstable if coefficients for the production of particles
exceeded unity., While the measured coe icients do not seem adequate, the
introduction of negative ions into the mechanism appear to give overall coeffi-

cients close to unity at total voltages above 250 kY,

3.2.3 Clump Hypothesis( 10)

Electrostatic surface forces might tear a particle of electrode mate-
rial away from the electrode surface. The charged particle would be accele-
rated across the gap, gaining an energy equal to its charge times the total
voltage across the gap. Upon impact, if the energy exceeded a critical value, -

localized heating would produce « vapor cloud sufficient for breakdown
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(Figure 3-10. For uniform field configurations, the predicted dependence of

1/2

(>5 mm) and high voltages (100 kV) as shown in Figure 3-1], and was observed

breakdown voltage upon gap is V = kd ; this is often observed at large gaps

throughout the experimental program.

3.2, 4 Discussion

At small gaps (¥ | mm) and voltages below 100 kV, field emission ini-
tiation of breakdown has con:iderable theoretical and experimental support.
At larger gaps and higher voltage, there is little agreement as to precise mech-
anisms, with all ‘hree theories having some support, In order to explain ex-
perimental results it is usually necessary to elaborate and sometimes combine
the above theories, Aun additional difficulty arises because the physical parame-~
ters used in the theorics isuch as work function, surface structure, etc,) are
not subject to direct observation, Thus,it is often difficult to apply any of the

theories in a practical situation,
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4., FACTORS IN VACUUM INSULATION BETWEEN
METAL ELECTRODES

4,1 Introduction

Practical utilization, and indeed, successful controlled experimenta-
tion depends to a large extent on awareness of all the factors which influence
the performance of a physical system. In vacuum insulation, this is especially
true; much of the unreliability and divergence of data commonly encountered is
due to incomplete specification of the important parameters, Therefore, it is
worthwhile to consider the entire range of factors in an organized manner.
Table 4-1 gives a classificatior of factors known to be critical in vacuum in-
sulation. Inflexible factors are ones which can be varied only during construc-
tion of the insuiziion system; flexible factors can normally be varied during
testing and operation,

These factors cannot be considered independently of one another. In
vacuum insulation the effect of one important factor generally depends upon
the state or level of the other factors. For example, in the experimental pro-
gram it was found that final processing in terms of vacuum or hydrogen firing
would raise or lower the breakdown voltage as a function of electrode material,
electrode shape and size, and the gap. The existence of such interactions
means that simple prescriptions for achieving high breakdown voltages are
very difficult, if not impossible. Thus, in any given situation careful considera-
tion of all the pertinent factors is a requisite,and, even then,experimentation and
tests may well be required to obtain optimum performance. Because of these
interactions the factors are presented or considered in groups. For example,
the influence of the external electric circuit is so closely related to conditioning

that one cannot be adequately analyzed without the other.

1.2 Electrode Material

Electrode material is most important, with both anode and cathode
material having an influence. In high energy discharge cases, the anode mate-

rial is especially critical; this is discussed in section 4.3, An approximate
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Table4-1. Factors Important in Vacuum Insulation

Inflexible Factors

. Flexible Factors

———— . ——— T —

I.lectrodes-Cathode and ‘or Anode

surface Finish

Final Processing

Rakeout

Diclectric Surface Films

Geometry

Shape
Sizc (Areaj

Vacuum Chamber

Material - Metal or Dielectric

Chamber Geometry - Size

Bakecut

Environment

I

\

. .
Residual Gas Pressure and Species |
I

Contaminant

Magnetic Field

Radiation

External Electric Circuit

Impedance

Available Energy and/or Current |

Voltage Application Rate

Electrode Temperature

Electrode Spacing

Conditioning - Electrical Stress

History of the Electrodes
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ranking in order of increasing excellencz is:
C, Be, Pb’ Al’ Cu' Ni, Fe’ SS, Ti’ Ta, MO, W

Consistent and reliable performance of these metals «s vacuum insulation elec-
trodes requires that yure and/or standard raw stock be used.

However, a more doetailed examination of the clectrode material in-
fluence in vacuum breakdown in practical situations reveals the important role
of interactions with surface finish, final processing, and bakeout. Surface
finish is in itself of minor importance, but can appreciably affect the degree of
cleanliness that is achieved. For example, the use of oils and buffing com-
pounds in giving the elect ode surfaces their final finish has been found to leave
behind organic contamination that is practically impossible to remove. Thus,
it is recommended that finishing techniques such as the use of abrasive paper
with water be considered. Inthe '""High Voltage Breakdown Study'' a 600 grit
finish was found to be adequate.in that the performance achieved with it was
indistinguishable from that achieved with 1, 0 micron finish,

Final processing includes cleaning and,for optimum performance,
some form of heat treatment in a controlled atmosphere that stabilizes the
gas content and surface properties of the electrodes. In the experimental
program,both vacuum and hydrogen firing were found to be useful, with tem-
peratures up to 900 °C.

After assembly of the system, e.g., modulator tube (with care being
taken to avoid dust particles which are detrimental to high withstand voltag=s),
evacuation and bakeout should be carried outs While the iatter is not essential
and sometimes impossible, it is beneficial, both in terms of increased break-
down voltages and consistency of results.

Often, due to system requirements not direcily related to the insula-
tion of high voltages, different materials are used for cathode and anode., For
example, in most high power vacuum tubes copper is used as the anode,be-
cause of its high thermal capacity and conductivity, while a high temperature
material such as nickei or tungsten is used for the cathode material, It is
important to recognize that, in vacuum breakdown, material transfer from one

electrode to the other generally takes place. In some cases, but in particular

43
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when the discharge energy is high, there ir extensive transfer of anode mate-
rial to the cathode. This complicates the interpretation of the factor of elec-
trode material, and introduces that, which causes prime concern in vacuum in-
sulation - - the fact that the properties of a vacuum gap can be expected to

change with use,

4.3 Conditioning

The electrical insulating properties of electrodes in a vacuum are
strongly dependent on previous operating history., It is usually found that the
voltage hnld-off of electrodes in a vacuum can be substantially improved by
allowing repeated breakdowns or passage of appreciable prebreakdown current.
This behavior is termed ''conditioning' and is of necessity a consideration in
any vacuum insulation study or applicaticn, It has also been called aging, spot-
knocking, formation, or training,

Conditioning occurs due to changes in the surface states of the elec-
trodes. These changes may be brought about by: mechanical deformation due
to high electric fields; bombardment of the anode by field emission electron
beams; sputtering of cathode protrusions by ionized residual gases; and pos-
sibly by the energetic impact of charged macroparticles detached from one
electrode by electrostatic forces and accelerated across the gap. In addition,
breakdown is a localized discharge that releases energy which disrupts the
electrode surfaces. The most common conditioning technique isto repeatedly
allow the gap to break down. Each discharge is normally limited in energy
(and peak current) by a high series resistance (of the order of megohms). In
this case, the breakdown voltage rises smoothly to a plateau in from 10 to
10C or more breakdowns,

Typical results of conditioning are shown in Figure 4-1; the anode is
burned, eroded, and melted, while the cathode exhibits craters and deposits of
ancde material. These are extreme results of conditioning; with very low
energy discharges the effect of thousands of breakdowns may be invisible to
the naked eye. Figure 4-2 shows the surfaces of a copper anode and cathode

after conditioning, The anode surface has heen etched by electron bombardme.:,




Cathode - Treatment c - 10X

Figure 4-1, Typical Anode and Cathode
Surface Change Features
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(a) Grain Structure Revealed by (b) Scverely Eroded
Electron Bombardment (~ 49 X) Region (~ 40 X)

(c) General View of (d) Detail of Crater (~ 75 X)
Crateyr (~20 X)

Figure4-2a, Surface Changes on Copper Anode Due to
Many Low Energy Discharges
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(a) General View of Cathode (b} Detai1l of Cathode Surface
Surtace (~1UX) Showing Crater and
Protrusions (100X)

(c) Detail View with Tips of (d) Detail View with Surface in
Protrusions in Focus (100X) Focus - Note 600 Grit Polishing
Marks (100X)

Figure 4-2b. Surface Changes on Copper Cathode Due
to Many Low Energy Dischargesl‘
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revealing the grain structure. 'Ihe cathode surface was generally urdisturbed,
but in the central regions protrusions consisting of transferred anode material
can be seen.

Most high voltage, high power vacuum tubes operate with considerable
energy available to any discharge. Thus, the effect of a spurious breakdown
may be catastrophic, leading to low breakdown voltages, high prebreakdown
currents, loss of vacuum, or mechanical damage. It is generally not economi-
cal to operate high voltage electron tubes at voltages so low that breakdown will
never occur (see Section 4.6). Therefore, the effects of high energy discharges
must be considered. The typical response of electrodes to discharges of differ-
ent encrgy levels is given in Figure 4,3 and is discussed in some detail,due to
the importance of the factor of conditioning, A summary of energy conditioning
performance with a copper anode, obtained by using the average values of
breakdown voltage over eight tests, will serve as a basic model.

The average initial breakdown voltage of unconditioned electrodes was
~ 140 kV (187 kV/cm). High impedance conditioning (HIC), i.e., 90 discharges
with 30 kilohms series resistance raised the average breakdown voltage to
200 kV. Prebreakdown current (as indicated in Figure 4-3 by the voltage at
which 10"6 amperes flowed) diminished. The next moderate energy conditioning
(MEC) series of 90 discharges,with 1 k-ohm series resistance and 0, 15 uF
capacitive energy storage, reduced the average breakdown voltage to 187 kV,
and the scatter, as measured by the standard deviation, increased from 4.5%
for HIC tc 14% for MEC., Prebreakdown current levels, however, were not
appreciably affected by the increase in discharge energy.

Next,a limited nurnber of high energy discharges (series resistance
0 ohms at the high voltage bushing, 25 chms at the 0, 15 pF capacitor bank)
sharply reduced breakdown voltage, increased scatter, and led to very high
prebreakdown current levels. The overall average breakdown voltage was
145 kV, with occasional values as low as 35 kV, Subsequent reconditioning with
moderate energy discharges brought the average breakdown voltage to 201 kV,

High impedance conditioning with energy storage produced little scat-

ter (0 <4%) and high average levels of breakdown voltage (220 kV''.
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Figure 4-3,
form Field Electrodes at . 75 cm Gap - Copper Anode - Ti-7 Al-4 Mo Cathode

Conditioning Curve(Breakdown Voltage vs, Breakdown Sequence) for 4'' dia,
Showing Effect of Changes in Series Resistance (Rg), Energy Storage (.15 uF

Capacitor Bank), and Crowbar (< 500 ns to D

Breakdown Study'',




v

Measurements of the breakdown current pulse showed that a series impedance
of 30 k-ohms was sufficient to isolate the gap from capacitive energy storage
in the power supply circuit. A second high energy discharge series reduced
the average breakdown voltage to 151 kV; however, high impedance conditioning
gquickly restored the breakdown voltage to the former level of 200 kV. Fast
crowbarring (diversion within 500 ns) with 125 ohms series resistance and

0. 15 uF energy storage was only partially effective and the average breakdown
voltage dropped by 10% to 201 kV with the scatter increased to 15%. Thus,
significant damage occurs within the first microsecond of the discharge.

Simultaneous measurement of discharge current and gap voltage
showed thatthe current rose rapidly (> 2 x 1010 A/s) with relatively slow col-
lapse of voltage across the gap (about 100 ns for 0.75 cm gap ).

Thus the initial phase of the discharge appears to have a high impedance (~
1000 ohms). This accounts for the observation that most of the discharge
damage occurs during the first microsecond.

A copper anode opposite a nickel cathode progressively deteriorates
as a result of 220 high energy discharges. The average breakdown voltage
drops from 220 kV to 140 kV and the prebreakdown current increases (voltage
for 10-6 amperes decreased from ~ 160 kV to ~ 60 kV). The basic factorial
study was extended to include anode material as a factor at six levels (Cu, SS,
Ni, Pb, Al and Ti-7 Al-4 Mo). Differences in breakdown voltages for the
various materials was minor for low and moderate energy discharges, but
major differences were found with high energy discharges.

Copper, aluminum and lead anodes deteriorated in insulating ability
as a result of high energy discharges. Stainless steel (type 304), nickel, and
Ti-7 Al-4 Mo anodes, after the usual sharp drop in breakdown voltage, upon
introduction of high energy discharges, soon conditioned to breakdown voltage
levels higher than before high energy conditioning. Cathode material was not
important and a copper cathode opposite a Ti-7 Al-4 Mo anode held 300 kV
across a 0,75 cm gap. Examination of typical electrodes revealed an exten-
sive transfer of anode material to the cathode as discrete droplets and a con-

densed film. The anode surface was severely melted and eroded. |

4-10




————— e —— ~ T

Linear multiple regression analysis was used to correlate physical
properties of anode material with the maximum breakdown voltage during an
extended high energy discharge series for anodes of copper, aluminum, nickel,
Ti-7 Al-4 Mo, and 304 stainless steel. The cathode in most cases was Ti-7 Al-
4 Mo. Melting point temperature, specific heat and density were found to give
the most reasonable fit (index of determination > 0,95) as shown in the curve of
Figure 4-4, A maximum breakdown voltage of 72 kV was predicted for a lead
anode, the experimental value was 76 kV.

This curve provides a way of ranking the performance of anode mate-
rials for high energy applications. The curve uses maximum breakdown vol-
tages - average and minimum values follow the same trends.

The observation that significant damage occurs during the first micro-
second means that protection of the vacuum gap by series impedance or crow-
barring must limit the energy flow very rapidly., Thus, crowbarring for diver-
sion within 500 ns was not fast enough to adequately protect the electrodes in
the experimental study. Addition of inductance, or more series resistance,
would slow the energy input enough so that crowbarring in times of the order
of a microsecond should be effective.

The energy conditioning behaviar described above, especially the criti-
cal dependence on anode material, suggests a breakdown mechanism in which
the thermal interaction of field emission beams with the anode surface is im-
portant, It has been suggested that breakdown might occur when a metallic
particle is electrostatically extracted from a region of the anode which has been
weakened due to field emission beam heating. The extracted particle is accele-
rated across the gap in the beam, partially vaporized while in transit, and
finally its energetic impact on the cathode precipitates Lreakdown.

In summary, high energy discharges can be cadured by a vacuum gap
without permianent damage. Refractory anode materials are especially tolerant
of high energy discharges. The close correlation between thermal properties
of anode material and breakdown voltage provides a practical means of ranking
anode materials,and estimating the breakdown voltage to be expected in high

energy applications.
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Another conditioning technique which requires times of the order of
days is to increase the applied voltage very slowly, keeping the prebreakdown
current and pressure level of evolved gases at some arbitrary low level, This
can produce higher conditioned levels than are achieved by sparking as shown
in Figure 4+-5. The deliberate introduction of gas during conditioning is dis-
cussed in Section 4.5,

Less widely used techniques which, in some applications, have been
found useful are heating of the electrodes to a high temperature, or a low
pressure gas glow discharge. These are especially applicable in systems sub-
ject to organic contamination,

The change in insulation strength from the level of first breakdown
to final fully conditioned level is often more than a factor of two. There are
some few applications where even one discharge cannot be tolerated, and spark
conditioning is ruled out -~ the initial breakdown value is then the only one of
interest. In general, however, conditioning is acceptable, and it is the most

widely used technique for improving the insulation performance of vacuum gaps.

4.4 Electrode Spacing

The variation of breakdown voltage with electrode spacing has been
extensively investigated, For small gaps (< 5 mm), the dependence is approxi-
mately linear., With large gaps (> 5 mm), the breakdown field strength de-
creases as the gap increases, resulting in a "total voltage effect!' in which the
breakdown voltage increases as some fractional power of the gap (usually from
0.4 to 0.7). Figure 4-6 due to Trump(l) is typical and gives this effect for a
1 inch diameter steel sphere opposite a plane. Figure 4-7 from the experi-
mental study illustrates the linear and square root regime for uniform field
electrodes with a lead anode. This total voltage effect is probably a result of
charged particles being able to gain an energy equal to the product of their
charge times the gap voltage, since collisional losses of energy are very un-
likely.

For small gaps, up to ] mm or so, field emission initiation of break-

down as discussed in Section 3, 2.1 can explain vacuum breakdown., At larger
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BREAKDOWN GRADIENT ( Volts per cm)

AL G AR LR L Plu' L F||Illi BN
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Figure 4-6. Breakdown Voltages and Gradients Between

] -Inch Stainless Steel Ball and 2-Inch
Steel Disk in Vacuum(1)




*SuUMOopeoIq SUIN JO 95BIDAY 9Y) aJe sjutod - sadaeyosyg ASasuyg
MO - SUTUOLIIPUOD I3PY - 9POUIRD OIN ¥ - IV L - 1L PUR 9pouy pear - SOpoXId91d

3Mjoxq aonag Jajdwelq saydul-§ - der) ayj Jo J00Yy aaenbg snsaaA aSej[OA umopyeaxd * )~y 2andrg

2 (wd) dvo /v
e oe 81 91 ¥l w; Ol 80 90 0 e o
| ! | H | - ] | o I
— 0%
®
— 001
<
o
- ost 2
x
=<
. 002
[
o,
— 0s2
ANG F uDy} 58| SOM dDH Yo0® 0
IDODIIOA umopyoRIg Ul J84400S
| _ _ _ _ L | [ o0s

4-16

1-5001




gaps, and higher voltages, there is presently no commonly accepted and com-
prehensive theory of breakdown. In many instances several mechanisms are
involved, and which happens first or predominates depends upon the experimen-
tal parameters of each situation.

An interesting technique for increasing breakdown voltage by taking
advantage of the high dielectric strength of small gaps is to break the total gan
into shorter sections by means of metal equipotential planes. Ten gaps of
1, 0 mm might casily withstand 5C kV each for a total of 500 kV, while a single
gap of 10 mm cannot be expected to withstand more than 200-300 kV. Of course
some space is lust to the equipotential planes, and, both in dc and fast pulse
applications, fixing the potential of each plane is difficult., Also, the vastly in-
creased surface area makes it more difficult to obtain a clean vacuum and
introduces an area effect, However, in applications where potentials of mil-
lions of volts must be insulated by vacuum, as in acceleration tubes, the break-
ing up of the interelectrode space into short segments has beern found to be

indispensible.

4.5 Electrode Geometry

Electrode geometry in terms of shape and size (area) is more impor-
tant than might be expected. While it is difficult to separate the effects of
area and shape, the general trend is for small areas to support much higher
stresses than large areas - thus, f{or uniform field geometry, the breakdown
voltage decreases as electrode area increases,as shown by McCoy(Z)
(Figure 4-8). Increasing curvature of spherical electrodes, while producing
a higher maximum stress, reduces the active area so much that the break-
down voltage for a given gap increases, as shown by Rabinowitz3) (Figure 4-9).
In the experimental study a decrease in electrode area by a factor of ten was
accompanied by a 10-20% increase in breakdown voltage.

A reasonable design criterion for vacuum insulation is to minimize the
highly stressed surface area - even at the expense of increasing the maximum

electric field.
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The reasons for an '"area'' effect have not been conrlusively identified.
One explanation is statistical in nature, postulating that a given unit area has a
certain probability of breakdown, so that the greater the number the more chance
there is for breakdown., Another explanation is simply that 1t is more difficult
to prepare large surface areas with the same precision and cleanliness as small
surface areas. Yet another, is gas release during voltage application and vari-

ations in pumping conductance.

dots Time Effects

Most of the vacuu insulation studies to date have been for dc voltage
conditions. Recently, however, pulsed voltage applications have increased in
scope and importance. There is every indication that this will continue in the
future. The same is true of ac applications. Some relevant studies are re-
ported below.

Even in the dc case, time is important since, for a given electrode
system at some stage of conditioning, there is a definite relationship between
breakdown rate and stress level. Thus, Figure 4-10 shows that a 0,75 ecm
uniform field gap will sustain 245 kV if ~ 1 breakdown/ minute is acceptable;
whereas it will sustain only 220 kV if there is a requirement for zero break-
down in a time period of many hours. This is for the case of continuously
applied voltage.

Time is also important, even when there is no electric stress on the
electrodes. In most vacuum systems or tubes long periods of time (hours to
days) without electric stress will result in de-conditioning of the electrodes,
Then,some degree of conditioning will be required to again reach previous
operating voltage levels,

Impulse breakdown in the microsecond range has been investigated
at up to 500 kV by Srnith(4) with 1/4000 us pulses. Breakdown was found to
occur in either an abrupt localized spark after ~ 20 us or a diffuse glow-like
discharge with slow current rise, also at about 20 us. A particle exchange
mechanism is suggested for the second type. Breakdown stress levels in this

experiment were about 100 kV/cm, which is not particularly high, and is
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evidence that the breakdown mechanisin is probably very similar to that found
under dc¢ conditions,

Nanosecond pulse breakdown has recently been extensively studied for
moderate voliages by Wolff(S) and Mesyats. ©) It was established that, for
nanosecond pulses, breakdown is cathode dominated. Breakdown could occur
in 0. 15 ns if a sufficient overvoltage were available. Figure 4-11 summarizes
the major observations of the experiments of Mesyats,

RF breakdown has been theoretically and experimentally investigated
by Kuston1(7) and it was tentatively concluded, over the frequency range 60 Hz
to 21.5 MHz, that the breakdown voltage was indepencent of frequency (Fig-
ure 4-12), This indicated a cathode vaporization mechanism for the small gaps
of this study,

if the secondary emission coefficient of the electrode surfaces is
greater than one, vacuum breakdown may occur due to a process termed
"multipacting. ' If the gap, field strength and frequency of applied voltage are
such that an electron emitted frcm one electrode while it was negative arrives
at the other electrode while it is negative, then the secondary electrons emitted
will be accelerated across the gap to arrive at the first electrode when it is
again negative, producing more secondary electrons, This chain of events is
rapidly repeated leading to a great increase in the electron current until break-

down occurs.,

4.7 Environmen.al Effects in Vacuum Brezkdown

The vacuum environment is important primarily in relation to its
effect >n electrode surfaces. Thus, residual gases at pressures less than
10'5 torr appear to have no effect on vacuum breakdown, but there is evidence
that even very slight traces of organic contamination on the electrode surfaces
are detrimental. For this reason the use of contamination-free vacuum sys-
te as is recommended. All particles of dust should be excluded. The deli-
berate introduction of gas for use as a conditioning process is discussed in

Section 4, 8.
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Magnetic field is another environmental factor. In the experimental
study weak magnetic fields (to 500 gauss),transverse to the electric field, had
the affect of clightly lowering breakdown voltage for gaps greater than 1.0 cin,
and raising the breakdown voltage slightly for smaller gaps. In a study by
Pivovar(g) at lower voltages, a strong magnetic field was applied which pre-
vented field emitted electrons from reaching the anode. This raised the break-
down voltage,but did not appreciably change the voltage at which microdischarges
{see Section 3.1} occurred. Thus, there is evidence that magnetic fields will
affect the breakdown voltage of vacuum gaps, but the effects were not strong.
When a dielectric surface is present in the high field regions of the vacuum
system, the effects of a magnetic field are much more severe. This will be
discussed in Section 5.

The environment of a vacuum gap in an electron tube may contain
sources of contamination., For example, the glass walls of a typical tube may
produce small dielectric particles which can induce discharges if they migrate
to the highly stressed electrodes. In many tubes a barium oxide thermionic
cathode is used. High voltage vacuum tubes with a bariun: oxide thermionic
cathode are usually limited to lower electric stresses than tubes without such
a cathode. 9 This lower operating stress is most probably due to the reduc-
tion in work function of metal surfaces when barium and/or barium oxide is
deposited, which,in turn, leads to higher field emission currents and lower
breakdown voltages. Thus, contamination from a barium oxide cathode is an
important factor in high voltage vacuum tube performance.

Brodie”o) found that barium contamination of nickel electrodes re-
duced the breakdown field,and increased field emission currents by several
orders of magnitude. Conditioning, by low energy discharges at a2 0.5 mm
gap, restored the breakdown field to its original level, but the emission cur-
rent was then greater by a factor of over 15. These rifects were conclusively
related to the deposition of barium on the tips of whiskers,in an experiment
with a cylindrical projection tube. Barium decreased the work function of the
emitting tips and,thus, increaced field emission currents. Conditioning then,

destroyed the emitting sites which had been rendered unstable by increased
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emission. This explanation is supported by considerable experimental evi-
denceé that vacuum breakdown, at a small gap (0.5 mm),is usually due to the
explosive vaporization of field emitting protrusions on the cathode when the
current density exceeds a certain critical value.

In the experimental study electrodes of copper, nickel, stainless steel
and Ti-7 Al<+ Mo were tested at high voltages. It was found that the effect of
barium contamination of the anode had a negligible effect, but was more serioixs
for the cathode. Differénces among the metals tested were slight.

Initially, {or copper électrodés theré was only a slight change in break-
down voltagé upon éxposurc. Sixtéen hours of exposure to the barium oxide
cathode rfun at a high temperature resulted in a progressive decline in break-
doéwn voltage as conditioning procéeded. Prebreakdown currents were erratic
and breakdown usually occurtred at less than 10_0 A. Rapid sparking (several
discharges pér second) proved very effective in reconditioning the gap. After
13 éxposures to various levels of barjum contamination, cacl: followéed by con-
ditioning.the 10 crm diameter OFHC copper électrod: . had a breakdown voltage
of 225 kV for the 0: 75 cm gap, with 107% A of prebreakdown current at 205 kV;
This i as good as is found with uncontamirated electrodes.

When stainless steel (304) and nickel electrodes were subjected to high
energy discharge conditioning (0. 15 uF of capacitive energy storage with 25 ohms
series resist:nce), the breakdown voltage initially dropped- but later recovered
to higher values (~ 300 kV for a 0,75 ¢m gap) than before high energy discharges.
However, whén contaminated from the barium oxide cathode, these electrodes
wereé severely and péermanently degraded by high energy discharges. This was
due to the poor adhesion of impacted anode particles on the contaminated cathode.
The anode rmaterial transferred by breakdown did not remain flat on thé cathode
but was pulled away by the eléctric field to form large (~ 1 mm) and sharp pro-
jections, as shown in Figure 4-13,

Barium contamination is potentially a serious problem in vacuumn in-
sulation. Proper conditioning can alleviate its bad effects in most cases, but
when high energy discharges occur, barium contamination (and other types of

contamination as well) may lead to permancent damage due to poor adhesion of
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Figure 4-13, Damage on Nickel Cathode due to Fracture of
Coating of Anode Material (Nickel) - Lack of
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particles transferred by breakdown from the anode to the cathode.

1.8 Dielectric Coating of Electrode Surfaces

Thin dielectric films on the cathode surface, if properly applied, can
substantially enhance the insulation performance of a vacuum gap. A typical
comparison from an extensive study by Jedynak(“) is given in Figure 4-14.
The coating is effective in decreasing field emission currents and increasing
the breakdown voltage. A good coating can withstand sparks, and indesd,
benefits from spark conditionings The use of anodized aluminum cathodes in
large electrostatic particle separators has been highly developed at CERN by
Rohrbach and Germain“z) - the effective field strength attainable in the gap
was increased by a factor of two, Comparative results gathered from a num-
ber of investigations(l3) are given in Figure 4-15. Included are results ob-
tained with metal oxides and fluorides, SiOZ. organic films, and epoxies. In
almost all cases, electrode systems with dielectric coated cathodes perform
better. The dielectric coating acts to inhibit field emission from the cathode;

this, in turn, raises the breakdown voltage. An anode coating is usually detri-

mental.

4.9 The '"Pressure Effect' in Vacuum Insulation

The residual gas pressure and species has no effect at pressures
helow 10-5 torr. However, at pressures just below the glow discharge thres-
hold, there occurs an unexpected peak in the vacuum insulation strength. Fig-

(14)

ure 4-16, due to Cooke , gives this effect for a range of gaps. The break-
down voltage increases by a factor of from 1,5 to 7 as the pressure approaches
10-2 torr. In addition to an improvement in breakdown voltage, the prebreak-
down conduction current is usually decreased by several orders of magnitude.
This "pressure effect' can be explained by assuming that residual gas in the
gap is ionizeua locally by electrons in the high electric fields near emitting
cathode points. The ionized molecules bombard and sputter the point, blunting

it,and leading to decreased emission and higher breakdown voltages.
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Figure 4-16. Pressure Effect for Various Electrode Systems(14)
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Recently, Ettinger and Lyman(ls) have demonstrated a ''gas condi-

tioning'' procedure which can be used to reduce prebreakdown current and
raise breakdown voltage. In this technique, an inert gas is introduced and
prebreakdown currents of 50 wA drawn for many hours, with the voltage being
slowly raised. The result is a cathode surface that is more stable,and with
less emission than would be the case for electrodes conditioned by sparking.,
Again, the rnechanism is thought to be selective sputtering of cathode protru-
sions, This is similar to conditioning by prebreakdown current used in the

experimental study and discussed in Section 4. 3.

4. 10 Llectrode Temperature

The effect of heating the anode or cathode electrode has been investi-
gated by Slivkov(16) with pulsed voltages (1.5/50 psec wave). There was no
appreciable affect up to ~ 400°C. Above this temperature anode heating re-
duced breakdown voltage while cathode heating increaced the breakdown voltage.
Improvement in breakdown voltage was less than 20% in general, and reduction
of breakdown voltage at temperatures up to 800°C was not more than 40%.

The prebreakdown field emission currents from the cathode can de-
liver considerable energy to the anode, raising it to high temperatures if it is
not well cooled and the currents are high, For example, in the experimental
study currents of 2 mA at 200 kV were not uncommon. The power input to the
anode was thus 400 watts, and under these conditions the anode was heated to
the point of glowing. Even so,the breakdown voltage did not decrease by over
40%. However, in a practical application it would be desireable to insure that
anode cooling is adequate,

Cooling of electrodes to cyrogenic temperatures has been found(”' 18)
to decrease prebreakdown currents and increase breakdown voltage. However,
these results were preliminary,and further investigation is necessary before
general substantiation of this method of improving the dielectric performance

of vacuum gaps.
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4,11 Conclusions Regarding Factors in Vacuum Insulation

After many decades of investigation and use, the factors and mech-
anisms important in vacuum insulation are now generally recognized and par-
tially understood. With continued growth in the number and scope of the appli-
cations of vacuum insulation, it can be expected that,in the near future,a more
complete theory of vacuum breakdown will emerge.

Already,the application of dielectric coatings to cathode surfaces
and use of the optimum pressure for vacuum insulation has enabled substan-
tially improved performance to be achieved where these techniques are possible.

The crucial role of conditioning as a means of producing stable elec-
trode surfaces is now receiving critical attention, Many of the new metals
developed for other uses have proved to be excellent for vacuum insulation.
Progress along these lines can be expected to continue, and enable stress levels
of hundreds of kV/cm to be routinely and reliably achieved with vacuum insu-
lation., Table 4-2 summarizes the more important factors that have been con-

sidered in this handbook.

4,12 References

(1) Trump, J. G. and Van de Graaff, R. J., J. Appl. Phys. Vol. 18,
No. 3, 327-332 (March 1947).

(2) McCoy, F. J., Electrostatic Gererator Quarterly Reports, Contract
No. AF33(615)-1168, Ion Physics Corporation, Burlington, Mass.,
(1964).

(3) Rabinowitz, M., Proceedings of the First International Symposium
on Insulation of High Voltages in Vacuum, p. 119, Boston (October

(4) Smith, W. A,, Mason, T. R. and Childs, T. L. K., Proceedings of
The Third International Symposium on Discharges and Electrical

Insulation in Vacuum, p. 203, Paris (September 1968).

4-33




*p131J D113D319 WINWITXeW
9Y3] SO582IDUT SIY) JI USAD
‘esre passaajls AyYsty oztuul
-uTux YoOIym S$o1J139w0a3 asn

Aj1aejog ‘juajuon sen

‘seale o31ey] ueyy

19339q Seade [Jewug °sade]
-Ins je(j ueyj Ia3jjag aoey
-Ins paAJand 10 jeditiaydg

SHIAOYLDATH
JO AdLINOID

‘sdes jrews

wd G2 * aaoqe den p\

Jo sataas ® ojut des aSiey 03 ‘wud g. * moiaq den dvo
e jyealq ajeradoadde uaym A1jswoan ‘juajuon sen :03 Teuorjaodoad st A (1°d
‘1e1iajewu apoue
poo3 e pue sadaeyosip
‘d8a9ua y31y asn pynoys
8uruorjrpuod ‘siqissod DONINOILIANOD
2ae sadxeyosip A3adua *sased <
Yty 5 ‘juejroduwur Laaa TerIajeN jsowr ur z yo I030®J ® Ueyl «
st anbruys9j Butuoijipuo) | apouy ‘ASaouy o8aeyodsi(g | 2aowx Aq ‘A ‘g g soseaidug -+
| ‘1eriajewr
spoue JO I194®] ® Yj1m paid
-ADD S2U1033q IpoYed ay) IVINALYW
‘syeiiajew apoyjed . sajiaeyossip ASiosua ySiy Io0 *GS ‘11 ‘IN ulamj FJAOHIV D
y3duaajs Y3ty yjtm paurejqo |ajerspouwr Auewx Yytm - 1era -9q 92UlIIJJIP JueIIITUSTS
aq ued juswsaoxdwil awWOg |-3jeIN apouy ‘jusajuon) sen ON °IV u®eys x9jzeq nn
‘paanpua aq
03 sxe sadaeyosip Aaauo *syej3awt Aaxojdoeajal AVIdSAILVIN
ySty uaym Aqrerosadso juajuon) ser) ‘Afxaurg -uou ueyj) s;°A *"d g I9ysdry TAONY
isTe3dw A103jdeaJaa as sdaeyosyg ‘SuTuoIIpuO) dAeYy siejdwW A1030BIJOY
SNOILVANININODHAY ‘HLIM SLOVHYAILNI dOVLTOA NMOdd JdOLOV A
-AAvVHEYd NO LDAA4dd
uoijeInsSU] WINNdBA Ul §3D3JJ pue si03d8 ] °7Z-§ alqel
i tunll wlillaonee b




-1

*and>o0 Lew Suruor)
-TpUOdap JO SSIIJS JnoYIwm
3A®O] jOU Op INQ SSIAIS
3say31y Je 2w} SZTWIUTIN

uoty
-eutwejuo) ‘3uruoijrpuon)

LS

*adejroa umop
-)ealxq Mol e AIaYI] 210wt
aYyj} ss213s yo uotrjedridde
jo potaxad ayj axaduoy ayJ,

HWIL

‘[njasn ST Jnoaxeq
wajsds ajerdwon °1eIdY

(LNIILNOD SVD)

4-35

-9uaq 9q ued SIPOJIIII[S JO Aajawioan |*Aduajsisuod saaoxduwut pue .H”DOHvﬁwm
Sutary winnoea 1o uafoapAy pue [BII3JRIN 9POIIIIH |"A " g S9SedIdUI jnoayeyg ONISSID0Ud
‘o G2 * < sded aoj _
*suotdax passaals AfYsty ‘A g sosiel - wd G °> a'Td1d
Ul pPIoI] d1j2uieW PIOAY den sde8 X0 A g sIamor] OLLENDVIN
-a8xeyosig
*s309332 3urpesd | A3rsuy ydry ‘Surtuoljrpuo) *Aeme pauonIp | NOILVNINVINOD
-9p 2zZITWIUIW ued swnbru ‘(epoyjen uo uaym AJuo -uod aq ued jey)} ‘A °‘d°d WNITIvg
-yowv3 Suruorjtpuod xadoag *A°d g paIamoy) apoyiyen ut uorjonpas Lierzodwa ],
‘ATatd
*19A3] pauor) 3y} 3onpalx uorjeulwue}
-Ipuosun moiaq 0} A ‘g g |-uo> otueSio pue jsnp Yjim ZOH.H<ZU.>H<.HZOU
‘sased poajeutrwue)} saonpat woplas arnsodxa sased jnq ‘3033139 21q13 SvO
-u0d 03 3Insodxa pIroAy ‘Buruorjipuo) jo a2a8a(g -1189u ® aaey sased aang
*ao®JINS Yjoowis
£L1qeuoseaa pue UB3[O B ‘ueaid HSINI A
saonpoxd yostym jeyy puok pue yjoouis L[qeUOSEII SI ADOVIINS
-3q 310379 puadxa jou og ‘uoTjeUTWIBIUO ) aoeyans Jt1 juedTJTudis JON
SNOILVANIWWODHY ‘HIIM SIOVYHILNI dOVITOA NMOdJ JYOLOV I

=AAvEYd NO 1LDHEA4dd

‘panurjuod ‘z-§ °Iqel

i, B
O S a7 M




*A‘d-g 9srtex Aew Surjood
21ua80AaD A " 'd I9amoO]

‘paitubod si 1030%€y sapoue pajesy ‘A "d°d TANILVEEdNAL
STY1 JO UNI}edIISAAUT DIO0IN uorjeUIIR]UO) (AJT1e[O] astea Aew sapoyjed pajesy 4ao¥1HdTH
‘wnuixewr e ydnoday

*HUTUOTIIP sa0d ‘A *d°g 9yl payowoad . :
,~uod 10 ucrjzaado aanssaad -de s1 98uea aanssoaad qdNssHud
' BTy, @sn ‘arqissod uaym TUTuUOIITpuUO ) ‘AIjorunan abaeydsip mol3 3y} sy
“ -o1qisend sSutuoIIp . .
m usym apoyjed syj 03 Wl . -U0d {lejuswlilop Afjensn ‘Arjuedtyrudis "A (g UW%H?WWMNWQ ,
| 2113009131p utyj} e A1ddy w gurjeoo apouy - L3j1aeiod | @sted ued s3UljROD Opoyjle)
* TSJUALIND UMOD TerioyelN ‘umopyealq o3 peai i
m -yeaagaad mof oonpoad 01 | opoaIdaly ‘SUTUOTITPUOD pue spoue jeday ued SjUII . .H?;.HAW&DU . _
‘ ucTyIDUId ‘orqissod uayay | 1911 d13susey ‘den -and umopyeaqaad ys1yg NAOUHAVIULTEd
! T T T T T T :
. SUOTT - GNINGY TS 3l TLLLW SLOVUNINI ADVLTOA NAOJ dJOl1DOV.d

-2IvEdd NO LOHdAd44d

Tpopniouv

ToF 2t

1-36




(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15

Wolff, H., Juttner, B. and Rohrback, W., Proceedings of the
Third International Symvosium on Discharges and Electrical In-

sulation in Vacuum, p. 209, Paris (September 1968).

Mesyats, G. A.,, Bugaev, S. P., Iskolsdskii, A. M, and Proskurovskii,
D. L., Soviet P’ ysics, Tech. Phys,, Vol. 12 (June 1968) (English

Translation).

Kustom, R. L., Proceedings of the Third International Symposium

on Discharges and Electrical Insulation in Vacuum, p. 223, Paris
(September 1968) and '"The Electrical Breakdown of Vacuum Insulated
Electrodes Under Radic Frequency Stress, ' Proceedings of the 1969
Particle Accelerator Conference, p. 556, Washington, D. C.

Pivavar, L. I., et al, Sov. Phys., Tech. Phys., 2, 909 (1957).
Doolittle, H. D., Machlett Cathode Press, 21, No. 1, pp. 2-15 (1964).
Brodie, I. J., Vacuum Science Technology, 2, p. 249 (1965).

Jedynak, L., J. Appl. Phys. Vol, 35, No. 6, 1727-1733 (June 1964).

Germain, C., Jeannevot, L., Rohrback, F., Simon, D. and
Tingnely, R., Proceedings of the Second International Symposium
on Insulation of High Voltages in Vacuum, p. 279, Boston (October
1969).

Bolin, P. C. and Trump, J. G., Proceedings of the Third Interna-
tional Symposium on Discharges and Electrical Insulation in Vacuum,

p. 50, Paris (September 1968).

Cooke, C. M., Proceedings of the Second International Symposium
on Insulation of High Voltages in Vacuum, p. 181, Boston (September

Ettinger, S. Y. and Lyman, E. M., Proceedings of the Third Inter-
national Symposium on Discharges and Electrical Insulation in Vacuum,

p. 128, Paris (September 1968).

4-37




(16 Slivkov, In., N., Sov. Phys., Tech. Phys. 4, p. 1359 (1959).

Looms, J. S. T., Meats, R. J. and Swift, D. A., Brit. J. Appl. Phys.
(T. Phys, D), Vol. 1, Ser. 2 (1968).

t1s  De Geeter, D. J., AEC-NASA Tech., Brief #66-10499 (November 1966).

4-38




5. SOLID DIELECTRICS IN VACUUM INSULATION

5.1 Introduction

Solid dielectrics are almost invariably required in vacuum insulation
systems to support electrodes, or to lead high voltages into the vacuum from
some other insulating medium. In some cases,the vacuum chamber itself is of
a dielectric material, Since the vacuum flashover voltage of a solid dielectric
is much lower than either its volume puncture strength or the breakdown voltage
of an equivalent vacuum gap, the details of solid insulator design and placement

are critical factors in practical systems.

5.2 Grading and Mechanisms of Flashover

Grading techniques often break the insulating length into short, inde-
pendent and uniformly stressed sections. Thus, the flashover characteristics
of solid dielectrics have been extensively studied only for samples of the order
of 1to 3 cm long. These are usually placed between uniform field electirodes.
It has been found that the surface discharge originates from the negative junc-
tion of metal, solid dielectric and vacuum. At this "triple point}' field enhance-
ment (due to imperfect metal-dielectric contact and the different dielectric
constants of a solid dielectric and vacuum), leads to electron emission; this,
in turn,charges in a non-uniform way,the surface of the solid dielectric;charge
multiplication along the surface may occur; gas may be evolved and ionized;

finally flashover results.

5.3 Techniques for Increasing Flashover Voltage

Intimate contact between the solid dielectric and the metal electrodes
and proper shaping of the negative junction can raise the flashover voltage of a
given material, The usual techniques rely on either shielding of the negative
triple point to reduce field stress, or on shaping of the insulator to minimize
the deleterious effects of electron emission from the negative triple point.

1
Figures 5-1 and 5-2 show various shielding methods investigated by Finke( )

and Shannon, et al(z). Certain of Shannon's insulator shapes are designed so
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that the initial emission from the negative junction charges the insulator in such
a way that the electric stress on the junction is reduced. Figure 5-3 from

(3)

Watson = shows the effect of removing the insulator surface from interaction

with emitted electrons, In this case,for 30 ns pulses,the improvement in flagsh-
over voltage is as much as a factor of 4. 5.

Other factors which strongly influence the flashover voltage are solid
dielectric material, residual gas pressure, voltage pulse length and conditioning.
Representative flashover stress levels for various levels and combinations of
these factors are given in Table 5-1, The effects of material and voltage pulse
iength are very evident - - dc stress levels for good materials were limited to
about 90 kV/cm,while for short pulses (<100 ns) the stress level can go as high
as 260 kV/cm. In the experimental study it was found that a weak (~ 250 gauss)
magnetic field parallel to solid dielectric surfaces led to flashover at very low
stresses.

At the very high voltages (millions of volts) used in dc nuclear particle
accelerators it has been found necessary to,not only break the total insulation
length into many short sections, but also to insure that charged particles. which
may be in the gap,do not gain too high an energy before colliding with an elec-
trode or insulator surface. The use of small and tapered holes between sec-
tions is useful and an '"inclined field' principle originated by Van de Graaff,

(8)

et al’~' can be applied.

5.4 References
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