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Summary

Vacuum, high pressure gases and solid diel-
ectrics, which are used extensively for the insul~
ation of high voltages in particle accelerators, are
discussed. Examples are given of high voltage
technology applied to the acceleration of micron
size particles and to the production of intense
pulses of radiation of nanosecond duration.

1. Introduction

Particle accelerators can be placed in two
general classes; those which operate by direct
electrostatic acceleration and those which use
time varying electric or magnetic fields. The
following discussion will relate primarily to the
direct acceleration machine, where the maximum
particle energy is determined by the voltage which
can be insulated.

For obvious reasons the acceleration of parti-
cles to high energy has to be accomplished in a
vacuum, and fortunately below about 10-3 torr,
where mean free paths are of the order of system
dimensions, the vacuum dielectric has good insu-
lating properties; although occasionally proving
intransigent. The usual complimentary insulating
media are high pressure gas and solid dielectric;
the solid dielectric forming the boundary between
vacuum and gas. Solid dielectrics such as glass,
alumina, and Lucite can support much higher
fields than either the vacuum or high pressure gas,
particularly if voids are eliminated and care 1is
taken to use a relatively uniform field geometry.
Fig. 1 presents data on solid dielectrics which
are of specific interest to an accelerator designer.
This information was assembled from an article
by Charpentier, ! which also describes the tech-
aique used to obtain such high stresses at rela-

7ely large gaps. Thin films of solid dielectric
support direct fields of several megavolts per
as shown by the data on Table 1.2 Solid
trics are taxed close to the limit of their
- strength in energy storage devices; and
~acting factors involving voltage reversal,
in voids, and lifetime have to be deter-
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2. Insulation in Vacuum

In studying the available information on elec-
tric breakdown in vacuum, it is useful to groupthe
studies into two classes; those done with superior
vacuum conditions (say less than 10-7 torr), and
the rest. Above 10-7 torr electrodes are likely
to be contaminated and below 10-7 torr if suitably
treated they may be uncontaminated.

When a sufficiently high electric field is ap-
plied to a negative surface, electrons can be ex-
tracted by the field emission process. The law
which governs this emission was originally deter-
mined by Fowler and Nordheim, ° and gives to a
good approximation, a linear relationship between
fn J/E2 vs. 1/E, where J is current density and
E is electric field. This is usually plotted as
¢n I/V2 vs. 1/V, since the current I is taken to
come from a constant area emitter and the voltage
V is proportional to E. To account for the emis-
sion which is found with large area electrodes, it
is necessary to invoke an enhancement factor (y),
such that the true field at a microprojection on the
cathode is yE, or y V/d for a parallel plane gap.
Fig. 2 shows a Fowler-Nordheim plot for a stain-
less steel needle with a 2y tip at 2 x 10-6 torr
together with the reduced field emission obtained
at 2 x 10-5 torr. This reduced emission is appar-
ently caused by bombardment and reductionby sput-
tering of whiskers on the tip by positive ions pro-
duced close to the tip in the residual gas, 4

The most significant basic studies in recent
years on breakdown in vacuum are those under-
taken at the University of Illinois. 5,6 The results
of these studies, which relate to vacuum conditions
at 2 x 10-9 torr or less, led to a "physical picture
which quantitatively related predischarge charac-
teristics to the initiative process, together with
supporting experimental evidence for this inter -
pretation of the initiating process.' Experimental
data obtained at the University of Illinois, andelse-
where under superior vacuum conditions, 7,8 were
suitably treated to show that breakdown takes place
at a critical field at microscopic points or whiskers
on the cathode surface; for tungsten 6.5 x 107 v/
cm. Breakdown occurs because of current density
effects at these projections, and 'field emission
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from these points can be used as a tocl to ascer-
tain the field enhancement {and hence the approxi-
mate geometry) due to such whiskers in a non-
destructive manner, and thus to predict the
voltage at which the breakdown will next occur. "

It has been noted that when vacuum break -
down takes place across small gaps, for example
1 mm, that discharge marks are often centered
on carbide or sulfide inclusions in the metal.
This led to a study of the influences of electrode
metallurgy on vacuum breakdown, particularly
on metals with a2 minimum of inclusions. In this
investigation the best electrode metal was found
to be a titanium alloy (Ti-7Al-4Mo) which is
vacuum melted during production and relatively
free of inclusions. Voltages above 100 kV direct
were supported across 1 mm gaps. This informa-
tion which was obtained by McCoy and Thayer 9
led other investigators to study titanium and its
alloys with considerable success. 10

Unfortunately, relatively poor vacuum &10-7
torr) and contaminated surfaces are usual in ac-
celerator systems, a situation conducive to micro-
discharges. These discharges, which tend to be
dependent on contamination rather than electrode
material and typical of gaps above about 1 mm,
are small pulses of charge which start to cross
a vacuum gap at a particular threshold voltage
(Fig. 3a). 1l The pulse charge, repetition fre-
quency, and duration, depend on the electrode
surface area, the supply impedance, and the
degree of contamination of the electrodes. 11-14
The threshold voltage can vary over a wide range
as shown in Fig. 4, which is from data given by
Arnal. 12 It can be seen from this figure that
microdischarge effects can be expected in accel-
erator tubes; and this has been demonstrated by
Mansfield and Fortescuell(Fig. 3b). It appears
that the current loading phenomenon which limits
the total voltage performance of tubes15is related
to the microdischarge effect. Both the threshold
voltage for microdischarges and the total voltage
performance of an accelerator tube, or high vacuum
bushing, 16 can be raised, by increasing the re-
sidual pressure to about 2 x 10-4 torr. This
improvement apparently results from residual gas
atoms interfering with the passage of chargedpar-
ticles across the gap.

It has been shownl2’ 17 {hat the initiation of
microdischarges is a cascade process
secondary ionization at the electrode surfaces.
The ions involved are hydrogen, and a pulse
occurs when

involving

AxB>1
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where A is the number of HY icns emitted per H™
ion bombarding the anode surface,

and B is the number of H™ ions emitted per HTion
bombarding the cathode surface.

Mansfield!7 has demonstrated that this product
AB is close to 1. Although the initiation process
is ionic, it has been shownl® that most of the
charge flow is electronic; which must be related
to the secondary emission coefficient of ions for
electrons and of electrons for ions on contami -
nated surfaces.

It is difficult to obtain large particle accelera-
tors, or velocity separators, free of the type of
contamination which leads to microdischarges (cur-
rent loading), and this is emphasized by the data
given in Table 2. This information was supplied
by Ennoslg, and shows the thickness of a carbo-
naceous layer laid down by an electron beam be-
cause of a source of contamination elsewhere in
the vacuum system.

An attractive approach to reducing current
loading and hence improving the total voltage per-
formance of accelerators is that of the inclined
field tube. 20 In this tube, unwanted secondary
particles are swept into the walls before they
reach significant energies. This technique can
be very effective, as shown in Fig. 5, but some
sophistication in design is needed to ensure that
the wanted particles which are being accelerated
can undulate successfully through the tube.

The insulating properties of vacuum gags at
small spacingsz1 and at large spacingszz’ 2 can
be improved by the application of a suitable dielec-
tric film to the cathode surface. With small spac-
ings of the order 1 mm, gaps with dielectric coat-
ings have not yet been able to exceed the voltage
which can be supported by the best metal surfaced
electrodes as far as small areas are concerned
(20 cm2- 100 kV/mm), but they have for large
areas (1000 crnz) where the best performance of
all-metal electrodes is relatively poor (~ 30 kV/
mm).

High voltages cannot be applied in vacuum
without the use of solid dielectrics for support,
and for an equal spacing,solid dielectric flash-
over occurs at a lower gradient than breakdown
through the vacuum gap. This problem has been
studied by various investigators, 24-26  ith the
conclusion that termination conditions are most
important, particularly at the negative end of the
dielectric, where intimate contact should be ob-
tained at the parting of the solid dielectric and
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metal surfaces. A plot of insulation strength (10
minute withstand) for alumina ceramic is givenin
Fig. 6. Shannon, et a126 have shown that 80kV /
cm can be attained across glass surfaces with
geometries suitable for accelerator tube con -
struction.

At the beginning of this section an arbitrary
pressure of 10-7 torr was given as a rough indi-
cation of studies which were made in contami -
nated situations, Having discussed the micro -
discharge phenomenon, a better guide to surface
condition is the existence of ion initiated micro-
discharges at gaps of millimeters or more. Sur-
faces can be cleaned by heating in vacuum, but
too much enthusiasm in this respect (e.g., 900°C
for nickel)27 will produce whiskers, which lead
to breakdown at relatively low macroscopic
gradients.

3. Insulation in High Pressure Gas

When a sufficiently high electric field is ap-
plied to a gas, avalanche ionization (Townsend «
process) occurs which will lead to breakdown. The
final stages of spark development will not be dis-
cussed here, and it is sufficient to note that elec-
tron emitting processes at the cathode surface can
influence breakdown voltage, which consequently
becomes strongly material dependent at high gas
pressures. Trump, et al28 show, for example,
the spark-over gradient at 400 psig to be about
50% higher for stainless steel electrodes than for
aluminum. Although some low level conditioning
sparks occur in a high pressure gas, it is a much
more reliable medium than high vacuum and main-
tains its high electric field strength at large gaps.

Mixtures of Np, CO; and SFg are used exten-
sively in electrostatic accelerators. Philp29
studied pure SFy and equal part mixtures of Ny
and CO, to voltages above 2 MV, and showed that
gradients of more than 100 MV/m can be insulated
on a 19 mm diameter electrode in 20 atmospheres
of SFg. Figure 7, which is from Philp's data,
shows the maximum gradient withstood for three
minutes without breakdown.

The higher dielectric strength of SFyg with
regard to a simple gas such as N, is due largely
to its electro-negative properties; i.e., the ability
to attach electrons to make negative ions. Carbon
dioxide, although not as good as SFy¢, is superior
to N, for the same reason, Sulfur hexafluoride is
an expensive gas, which can make its use unattrac-
tive for large machines. Fortunately, the addition
of a small fraction of SFg to Ny gives breakdown
values relatively close to that of pure SF¢ as shown
in Fig. 8,30,31

Sulfur hexafluoride is an inert, non-toxic gas,
but if subjected to energetic sparking it breaks
down into components which are corrosive and
highly toxic, One of the products, disulfurdexa-
fluoride, SpF1(0,is an agent used in chemicalwar-
fare research. Processes are available for con-
tinuously removing unwanted dissociation pro-
ducts, and SFy is becoming increasingly used in
high power circuit breakers where it is purged
after current interruption and restored at 200 psi,

In choosing a high pressure gas insulant,
other factors than electrical strength, toxicity
and cost can be significant. Heat transfer canbe
an important characteristic, and where there is
moving equipment the influence of gas density on
windage has to be considered. The electric
strength of a gas usually increases with its den-
sity, but there is also a dependence on molecular
structure, It has been shown experimentally that
the larger the molecular cross section, thehigher
is the dielectric strength. 32 Whereas SFg has a
dielectric strength of 2. 5 relative to nitrogen,
SeFg has a relative strength of 4. 5; but is toxic.
Sharbaugh and Watson33 have studied the per-
fluorocarbon vapor(FC-75) which is liquid at
room temperatures, and mixtures of the vapor
with SF¢. At 100°C with FC-75 in the presence
of SFy the breakdown strength was almost 100%
above that of SF¢ alone.

It has already been noted that coating the
negative electrode of a vacuum gap with a suitable
dielectric, can improve breakdown strength; pre~
sumably by the suppression of field emission.
McNeall and Skipper34 have shown that at 250
psig of N, the uniform field impulse breakdown
stress can be increased by more than 50% when
the cathode is covered with a 0. 005 inch layer of
polyethylene. The improvement, however, is
lost after one breakdown because of puncture of
the dielectric layer. In the d.c. case, it seems
that although a dielectric film on the cathode sur-
face decreases conditioning activity, it does not
improve the ultimate voltage holding properties.

The flash-over strength of solid dielectrics
in gases increases almost linearly with pressure,
Reyes36 has obtained flash-over voltages for sev-
eral materials immersed in equal parts of CO
and N, at 350 psi (Fig. 9), and has shown that
breakdown voltage could be increased very signi-
ficantly by corrugating the dielectric surface.

In designing for high pressure insulation itis
usual to assume that breakdown will occur at a
critical field, For example, in a Van de Graaff
accelerator which has a coaxial geometry, the
field on the inner conductor is considered criti-
cal. Such machines can operate at 19 MV /m
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in N and CO, mixtures at 300 psig. Michael,
et al37 have designed and operated an accelerator
with a stress of 25 MV/m on the terminal using

10% SF¢, and 90% N, at 250 psig. Pure SFg at

150 psia has supported morethan 40 MV/m inside

a pressure to vacuum feedthrough bushing. 16

4, Two Unusual Accelerators

With the current interest in space technology
a need has developed for accelerators of small
micrometeoroid sized particles. Specifically, a
machine is being developed38 for the acceleration
to velocities approaching 105 m/sec of micron
size particles having charge to mass ratios in
the range 10 to 103 coulombs per kilogram, The
relatively low velocity of these massive particles,
which makes traveling electromagnetic field
methods of acceleration impracticable, facilitates
the simple acceleration concept shown in Fig, 10,

The particle source used in this accelerator
was developed by Vedder.3? A single particle is
suspended electrodynamically in a high vacuum
and charged positively by ion bombardment prior
to injection into the accelerator system. The par-
ticle is then accelerated into the first equipoten-
tial cylinder, which in this machine is at 500 kV
negative. The cylinder is crowbarred to ground
by the spark gap before the particle emerges from
the far side, so that a further energy gain of 500
kV can be obtained in the field between the first
and second cylinders; and so on.

The accelerating electrodes in this first
machine are supplied by individual Van de Graaff
generators because of uncertainties about supply
interactions, but machines having many stages
probably would require only one supply and a gas
insulated transmission line carrying potential to
each of the electrodes which would have r,f. iso-
lation from the line, 40

The high voltage pressure to vacuum bushing
uses SFy at 150 psia to insulate the central con-
ductor where it passes through the ground plane,
and the glass dielectric surface of the bushing on
both the high pressure side (N5 + CO,) and the high
vacuum side is voltage graded by a semiconducting
plastic. 16 The problem of sequencing the several
crowbars is not difficult because the particles are
within each cylinder for several microseconds.
The several components of this accelerator have
been largely checked out, and the complete sys-
tem will be operating shortly.
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Flash X-ray machines have for some time
been used for the radiography of small fast mov-
ing objects, but there is a present need for fast
radiography at a distance, and for the simula-
tion of radiation from nuclear weapons, which
has led to the development of new, more power-
ful pulsed radiation sources. The approach de-
scribed below is undoubtedly the simplest, and
is proving most effective,

The concept is outlined in Fig. 11. A
coaxial gas capacitor, which is essentially the
elongated terminal of a Van de Graaff generator
and the surrounding pressure tank, is charged
to several megavolts then discharged at the open
end into the load by a fast spark gap switch. The
length of the coaxial capacitor is chosen to give
the desired pulse duration, which in nanoseconds
is twice the terminal length in feet.

There are four major elements in the sys-
tem. One is the voltage generator, which has
been developed to beyond 10 MV in the form of
the Van de Graaff machine. Its characteristics
are not significant to the discharging (transient)
properties of the system, except that the stored
energy in the column adds slightly to the tail of
the radiation pulse. The other major elements
are the coaxial gas capacitor, the triggered
megavolt switch, and the load, which is a field
emission accelerator tube, The switch will not
be discussed further here beyond noting that a
high pressure, high gradient spark switch, with
a suitable trigatron type geometry, is suffi-
ciently fast and closes with a delay less than 10
nanoseconds. The important feature of the
machine, which is the pulsed emissiontube and
its interaction with the coaxial line, is discussed
briefly below.

First it is necessary to note the output char-
acteristics of a transmission line charged to a
voltage Vo which is discharged into a load R
(assumed resistive). A primary pulse of voltage
amplitude V = «V,, current amplitude I =V/R
and duration 27 is produced, where

R

S )
e}
Z, = characteristic impedance of the line, and
T = the electrical length of the line.

For a coaxial line with a dielectric constant of 1,
the electrical length is approximately 1 nano-
second per foot of length, and
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r
2 L
Zo = 601!1;‘ V& (2)

where r_, r, are respectively the outer and
inner razélii of the coaxial cylinders and L, C
are the inductance and capacitance per unit
length of the line.

Maximum power is transferred into the load
when R = Z_, but from expression (1) it can be
seen that this is when V = VO/Z. The requirement
here is not for maximum power transfer, but for
the maximum radiation intensity produced by an
accelerated electron beam, which varies roughly
with the third power of the voltage. At this point
it is necessary to examine how a transmission
line will perform when discharged into a field
emission load.

The upper plot on Fig, 12 shows a typical
current/voltage relationship for a field emission
gap. An excellent review of the field emission
process and its potentialities is given by Dyke.41
The minimum field geometry in a coaxial gas
capacitor is when fn 1-2'/1'1 =lor Z_ =608, and
the lower plot on Fig. 12 shows for a specific
charging voltage the load characteristic of a
transmission line with that impedance. A replot
of the field emission characteristic is also given,
The intersection of the two curves is the operating
point, with the transmission line developing a
pulsed voltage corresponding to a load R = V/I at
the operating point, There is no time delay
between field emission and applied field, at least
in the time regime of interest here, which with
the above argument implies that the field emis-
sion tube can be treated as a resistive load R on
the line as determined above., Actually, during
the pulse when there are high currents flowing
the tube impedance will fall somewhat because of
changes in the field emission characteristic.

It is now possible to relate the characteris-
tics of the coaxial line to the ultimate requirement
- namely radiation intensity. It can easily be
shown from information in Reference 42, that the
radiation intensity (Ry) produced by an electron
beam accelerated to a voltage V at 12" from a
gold target in the forward direction is given by

R =3.72x 100 x I x v3-4R/s at 12" (3)
where V is the voltage in megavolts and I is the
current in kiloamperes,

Noting the relationship between V and I for the
coaxial line, it follows that

3.72 x 109(1 - ) O13.4\,04.4

R.I = Zo (4)

June

Differentiating to determine o for maximum Rj
for V, and Z, constant gives

@= g = 0.775 (5)

The maximum intensity at 12" from the tar-
get is then given by
0.353 x 109 x v %4
R, = R/s (6)

I zZ
o

This expression shows the very strong de-
pendence of radiation intensity on charging volt-
age V,, which is determined by the radial dimen-
sions of the coaxial line. For the 60& (minimum
field) geometry the maximum charging voltage is
given by E_ r, where E. is the critical field.
Some values of critical field in a high pressure
gas have been given earlier in this paper. With
a charging voltage of 5.5 MV, intensities ap-
proaching 1010 R/s at 12" would be produced
based on the above expressions. Actually in a
system designed for multishot performance, a
broad anode spot has to be used to maintain tar-
get integrity and the intensity would be less than
that given by expression (6), although the radia-
tion field would be more uniform.

A prototype FX machine in horizontal con-
figuration is shown in Fig. 13. This machine was
made by modifying an existing Van de Graaff gen-
erator equipped with an extra long tank for testing
accelerator tubes. Although not originally de-
signed as a flash X-ray machine, it is operating
well and producing 20 nanosecond pulses of 2R
at 1 meter. This corresponds to an electron
beam current of 19 kiloamperes at 2,3MeV .,
Several pulses of radiation can be delivered per
minute, and there is essentially no electromag-
netic noise problem because the high power tran-
sients are contained within a closed metal shell,
The present terminal structure is rather crude,
and with improvements the machine is expected
to develop 5 x 107 R/s (100 R) at.12", A larger
machine designed specifically for flash X-ray is
under construction.
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Fig. 1. Disruptive Breakdown Voltage
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Fig. 3. Microdischarge Pulses
(Mansfiz1d and Fortescuell),
(a) Waveform of Pulss occurring
between copper electrodes with
a 1l cm gap. (b) Waveform of
pulse for accelerator tube.

Fig. L. Range of Threshold Voltages
for Microdischarges (Arna1l?),
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Fig. 5. The Reduction in Terminal Voltage
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gas pressure,
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Fig. 8. Dependence of Przakdown Voltage on SFg
Content, for Mixtwres of SFg and Air and Nitrogen.
The abscissa is the partial pressure of SFg ex-
prassed as a percentage of the total pressure of
the mixture from data by Howard3C and Cohen3l.
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