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(57) ABSTRACT 
The present invention provides systems and methods for the 
magnetic insulation of accelerator electrodes in electrostatic 
accelerators.Advantageously, the systems and methods of the 
present invention improve the practically obtainable perfor 
mance of these electrostatic accelerators by addressing, 
among other things, voltage holding problems and condition 
ing issues. These problems and issues are addressed by How 
ing electric currents along these accelerator electrodes to 
produce magnetic ?elds that envelope the accelerator elec 
trodes and their support structures, so as to prevent very loW 
energy electrons from leaving the surfaces of the accelerator 
electrodes and subsequently picking up energy from the sur 
rounding electric ?eld. In various applications, this magnetic 
insulation must only produce modest gains in voltage holding 
capability to represent a signi?cant achievement. 
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SYSTEMS AND METHODS FOR THE 
MAGNETIC INSULATION OF 

ACCELERATOR ELECTRODES IN 
ELECTROSTATIC ACCELERATORS 

CONTRACTUAL ORIGIN OF THE INVENTION 

The US. Government has certain rights in the present 
invention pursuant to Contract No. DE-AC02-08CH11555 
betWeen the Department of Energy (DOE) and the Princeton 
Plasma Physics Laboratory (PPPL). 

FIELD OF THE INVENTION 

The present invention relates generally to systems and 
methods for the magnetic insulation of accelerator electrodes 
in electrostatic accelerators. Advantageously, the systems and 
methods of the present invention improve the practically 
obtainable performance of these electrostatic accelerators by 
addressing, among other things, voltage holding problems 
and conditioning issues. These problems and issues are 
addressed by ?oWing electric currents along these accelerator 
electrodes to produce magnetic ?elds that envelope the accel 
erator electrodes and their support structures, so as to prevent 
very loW energy electrons from leaving the surfaces of the 
accelerator electrodes and subsequently picking up energy 
from the surrounding electric ?eld. In various applications, 
this magnetic insulation must only produce modest gains in 
voltage holding capability to represent a signi?cant achieve 
ment. 

BACKGROUND OF THE INVENTION 

The injection of energetic beams composed of neutral 
hydrogen isotope atoms has for generations been a staple 
means of heating and driving currents in plasmas in magneti 
cally con?ned fusion devices. These energetic beams are 
formed by electrostatically accelerating high currents (on the 
order of tens of amperes) of either positive or negative ions 
extracted from a large area plasma source (on the order thou 
sands of square centimeters). The ion beam traverses a neu 
traliZer (i.e. a gas cell in the systems built to date), Where a 
portion of the ions are converted to neutral atoms. The 
residual ions are magnetically or electrically de?ected, While 
the remaining neutral beam crosses the stray magnetic ?eld of 
the fusion device to enter the con?ned plasma, Where the 
atoms are ioniZed and spiral along the magnetic ?eld, trans 
ferring energy and momentum to the bulk plasma through 
collisions. 
One of the primary challenges encountered by these neu 

tral beam systems is holding large voltage gradients across 
the gaps betWeen the grids and support structures that make 
up the electrostatic accelerator. Earlier generations of beam 
systems, accelerating positive ions to 30-140 keV, typically 
had one or tWo acceleration gaps, While the higher energies 
used in negative ion systems required for larger fusion 
devices typically have several acceleration gaps. Vacuum 
breakdown betWeen grids at different potentials, and also 
betWeen their support structures inside the vacuum, limits the 
potential gradients that may be sustained in such electrostatic 
accelerators, and requires large amounts of time to be devoted 
to conditioning the electrostatic accelerators. 

Conditioning is a procedure in Which the applied voltage is 
raised in small increments, pausing Whenever a breakdoWn is 
encountered, in order to alloW the energy associated With 
subsequent breakdoWns by micromachining the voltage hold 
ing surfaces until they are capable of sustaining such voltages, 
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2 
before moving up in voltage slightly and repeating the pro 
cess. For the conditioning process to Work, the fault energy 
and maximum current need to be large enough to smooth 
microproj ections that concentrate the electric ?eld, but not so 
large as to pit the electrode surface and create more emitting 
points. This process is typically done ?rst Without extracting 
an ion beam, and, then, much more sloWly With beam extrac 
tion. 

In neutral beam systems operated over the past four 
decades, the beam pulses have had maximum durations of 
fractions of seconds to tens of seconds, and loW duty factors. 
Conditioning such electrostatic accelerators close to their full 
design voltage has typically taken many days to some months 
of operation. The most ambitious operational neutral beam 
systems, designed to operate at 500 keV, have never acceler 
ated a beam at more than about 410 keV, and almost all of their 
operations have been at 370 keV or loWer, partly because of 
voltage holding problems and partly because of ion source 
problems. Negative ion neutral beam systems being devel 
oped are supposed to operate at energies of 1 MeV for pulse 
lengths of up to 1000 seconds With high reliability and infre 
quent maintenance. Achieving such performance requires 
that every opportunity to improve the operability of high 
current large area electrostatic accelerators is explored. 

BRIEF SUMMARY OF THE INVENTION 

In various exemplary embodiments, the present invention 
provides systems and methods for the magnetic insulation of 
accelerator electrodes in electrostatic accelerators. Advanta 
geously, the systems and methods of the present invention 
improve the practically obtainable performance of these elec 
trostatic accelerators by addressing, among other things, volt 
age holding problems and conditioning issues. These prob 
lems and issues are addressed by ?oWing electric currents 
along these accelerator electrodes and their support structures 
to produce magnetic ?elds that envelope the accelerator elec 
trodes and their support structures, so as to prevent very loW 
energy electrons from leaving the surfaces of the accelerator 
electrodes and subsequently picking up energy from the sur 
rounding electric ?eld. In various applications, this magnetic 
insulation must only produce modest gains in voltage holding 
capability to represent a signi?cant achievement. Magnetic 
insulation may be used to improve the performance of many 
devices using electric ?elds to accelerate ions, charged 
clumps of atoms, charged droplets, charged poWders, etc. 

In one exemplary embodiment, the present invention pro 
vides a system for accelerating charged entities, including: a 
charged entity source; one or more accelerator electrodes for 
accelerating charged entities provided by the charged entity 
source; and one or more poWer supplies coupled to the one or 
more accelerator electrodes for providing an electrical cur 
rent through each of the one or more accelerator electrodes 
and generating a magnetic ?eld around each of the one or 
more accelerator electrodes. The system also includes one or 
more support structures connected to the one or more accel 

erator electrodes, Wherein the one or more poWer supplies are 
also coupled to the one or more support structures for provid 
ing an electrical current through each of the one or more 
support structures and generating a magnetic ?eld around 
each of the one or more support structures. Optionally, a 
direction of the current provided through each of the one or 
more accelerator electrodes and support structures is reversed 
for alternating accelerator electrodes and support structures. 
Preferably, the magnetic ?eld is substantially parallel to a 
surface of each of the one or more accelerator electrodes and 
support structures. The magnetic ?eld prevents charged enti 
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ties from leaving a surface of each of the one of more accel 
erator electrodes and support structures and picking up 
energy from a surrounding electric ?eld. In general, the one or 
more poWer supplies, electrical currents, and magnetic ?elds 
are used to improve the voltage holding capability of the 
system. 

In another exemplary embodiment, the present invention 
provides a method for accelerating charged entities, includ 
ing: providing a charged entity source; providing one or more 
accelerator electrodes for accelerating charged entities pro 
vided by the charged entity source; and providing one or more 
poWer supplies coupled to the one or more accelerator elec 
trodes for providing an electrical current through each of the 
one or more accelerator electrodes and generating a magnetic 
?eld around each of the one or more accelerator electrodes. 
The method also includes providing one or more support 
structures connected to the one or more accelerator elec 

trodes, Wherein the one or more poWer supplies are also 
coupled to the one or more support structures for providing an 
electrical current through each of the one or more support 
structures and generating a magnetic ?eld around each of the 
one or more support structures. Optionally, a direction of the 
current provided through each of the one or more accelerator 
electrodes and support structures is reversed for alternating 
accelerator electrodes and support structures. Preferably, the 
magnetic ?eld is substantially parallel to a surface of each of 
the one or more accelerator electrodes and support structures. 
The magnetic ?eld prevents charged entities from leaving a 
surface of each of the one of more accelerator electrodes and 
support structures and picking up energy from a surrounding 
electric ?eld. In general, the one or more poWer supplies, 
electrical currents, and magnetic ?elds are used to improve 
the voltage holding capability of a system. 

In a further exemplary embodiment, the present invention 
provides a method for magnetically insulating a system for 
accelerating charged entities using one or more accelerator 
electrodes, including: providing an electrical current through 
each of the one or more accelerator electrodes, thereby gen 
erating a magnetic ?eld around each of the one or more 
accelerator electrodes. The method also includes providing 
an electrical current through each of one or more support 
structures associated With the one or more accelerator elec 
trodes and generating a magnetic ?eld around each of the one 
or more support structures. Optionally, a direction of the 
current provided through each of the one or more accelerator 
electrodes and support structures is reversed for alternating 
accelerator electrodes and support structures. Preferably, the 
magnetic ?eld is substantially parallel to a surface of each of 
the one or more accelerator electrodes and support structures. 
The magnetic ?eld prevents charged entities from leaving a 
surface of each of the one of more accelerator electrodes and 
support structures and picking up energy from a surrounding 
electric ?eld. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated and described herein 
With reference to the various draWings, in Which like refer 
ence numbers are used to denote like system components/ 
method steps, as appropriate, and in Which: 

FIG. 1 is a schematic diagram illustrating, generally, a 
typical electrostatic accelerator including a plurality of accel 
erator electrodes and associated support structures With 
Which the magnetic insulation systems and methods of the 
present invention may be utiliZed; 

FIG. 2 is a schematic diagram illustrating one exemplary 
embodiment of the magnetic insulation concept of the present 
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4 
invention, Whereby a current is run through and generates a 
parallel magnetic ?eld around an accelerator electrode and 
associated support structure in order to prevent very loW 
energy electrons from leaving the surface of the accelerator 
electrode and subsequently picking up energy from the sur 
rounding electric ?eld; and 

FIG. 3 is a perspective diagram illustrating the same exem 
plary embodiment of the magnetic insulation concept of the 
present invention, Whereby a current is run through and gen 
erates a parallel magnetic ?eld around an accelerator elec 
trode and associated support structure in order to prevent very 
loW energy electrons from leaving the surface of the accel 
erator electrode and subsequently picking up energy from the 
surrounding electric ?eld. 

DETAILED DESCRIPTION OF THE INVENTION 

Again, in various exemplary embodiments, the present 
invention provides systems and methods for the magnetic 
insulation of accelerator electrodes in electrostatic accelera 
tors. Advantageously, the systems and methods of the present 
invention improve the practically obtainable performance of 
these electrostatic accelerators by addressing, among other 
things, voltage holding problems and conditioning issues. 
These problems and issues are addressed by ?oWing electric 
currents along these accelerator electrodes to produce mag 
netic ?elds that envelope the accelerator electrodes and their 
support structures, so as to prevent very loW energy electrons 
from leaving the surfaces of the accelerator electrodes and 
subsequently picking up energy from the surrounding electric 
?eld. In various applications, this magnetic insulation must 
only produce modest gains in voltage holding capability to 
represent a signi?cant achievement. 

Magnetic insulation may be used to improve the voltage 
holding and performance of the ion beam accelerator systems 
used for magnetic fusion devices, among other devices. It 
may be used in all devices that use electric ?elds to accelerate 
ions or other charged entities, such as clusters of atoms, 
droplets, or poWders. Such devices have many applications, 
ranging from electrostatic accelerators for research to indus 
trial applications, such as materials alteration through surface 
treatments With ion beams, ion implanters in the semiconduc 
tor industry, paint, poWder, and general liquid sprayers, and 
many others. Magnetic insulation alloWs such systems to 
operate With higher absolute voltage gradients, increased 
?oW throughputs, improved reliability, and, in some applica 
tions, reduced absolute voltages across shorter acceleration 
gaps permitted by the higher absolute voltage gradients 
obtainable With magnetic insulation. 

Referring to FIG. 1, in one exemplary embodiment, a typi 
cal electrostatic accelerator 10 for either positive or negative 
ions includes an ion source 12 that, in conjunction With an 
extractor (not illustrated), is operable for generating a beam 
of ions 14 and directing the beam 14 to and through a plurality 
of ?at grid plates 16, each of Which has a graduated electrical 
potential that serves to accelerate the beam 14 in a step-Wise 
manner. In this respect, each of the plurality of ?at grid plates 
1 6 represents an accelerator electrode. Each of the plurality of 
?at grid plates 16 includes one or more apertures (not illus 
trated) that separate the beam 14 into one or more beamlets. 
Each of the plurality of ?at grid plates 16 is connected to a 
supporting structure 18 that has the same electrical potential 
as the corresponding ?at grid plate 16. Optionally, one of the 
plurality of ?at grid plates 16 is grounded. It Will be readily 
apparent to those of ordinary skill in the art that a Wide variety 
of electrostatic accelerators may be utiliZed in conjunction 
With the magnetic insulation systems and methods of the 
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present invention. These electrostatic accelerators may 
include various other components and devices, not necessar 
ily germane to the present invention, including, but not lim 
ited to, various stress rings (not illustrated), various insulators 
20 and 22, various beam shields (not illustrated), various 
?anges (not illustrated), various cameras 24 and 26, various 
other sensing devices (not illustrated), various circuits (not 
illustrated), various housings 28, various pressure vessels 30 
for containing various gasses, various shields (not illus 
trated), a target 32, etc. 
One avenue through Which it is possible to improve voltage 

holding Within vacuum-insulated electrostatic accelerators is 
to improve the insulating strength of the vacuum through the 
imposition of enveloping magnetic ?elds parallel to the ?at 
grid plates 16 (FIG. 1) and their support structures 18 (FIG. 
1). The systems and methods of the present invention mag 
netically insulate accelerator electrodes 16 by ?oWing elec 
trical current along each accelerator gird 16 and its associated 
support structure 18, so as to produce a magnetic ?eld Which 
envelopes each ?at grid plates 16 and its support structure 18. 

The salient characteristic of a magnetic ?eld produced in 
this manner is that it is everyWhere parallel to the surface of 
the ?at grid plate 16 and the support structure 18 through 
Which the electrical current is ?oWing. This is important 
because a magnetic ?eld parallel to the surface increases the 
impedance of the vacuum surrounding it, Whereas a magnetic 
?eld With a component that intersects the surface Would 
decrease the vacuum impedance, and facilitate high voltage 
breakdown instead of impeding it. This requirement, that the 
magnetic ?eld not intersect the conductor surface anyWhere 
inside the vacuum, largely rules out any practical con?gura 
tion of permanent magnets to produce the magnetic insula 
tion. 

Fortunately, the poWer supply requirements to produce a 
substantial electrical current ?oWing along a ?at grid plate 16 
and the conducting sheets Which feed it are not daunting. 
While a typical accelerator ?at grid plate 16 likely requires at 
least several kiloamperes of magnetic insulation current capa 
bility, the electrical resistance of each ?at grid plate 16 and its 
support structure 18 is very loW, a small fraction of an ohm, 
such that the voltage required from the high current poWer 
supply is loW, and the additional poWer ohmically dissipated 
in the accelerator ?at grid plate 16 and its support structure 18 
is correspondingly loW. Each accelerator stage requires one of 
these high current-loW voltage poWer supplies ?oating at the 
accelerating potential of that stage. These supplies may be 
located in the high voltage deck feeding the accelerator. In 
order to keep the electrical impedance seen by each magnetic 
insulation poWer supply small, it is necessary to increase the 
cross section of the cable carrying the high voltage and the 
magnetic insulation current to each accelerator stage. 

In the past, magnetic insulation has been proposed for 
gigavolt transformers and the like, but faced severe problems 
due to the very high gradients, ?uctuating ?elds, and virtually 
perfect performance required. More recently, a magnetically 
insulated transformer concept that may be suitable for pulsed 
poWer transformer applications has been demonstrated at 100 
kV. On the Whole, magnetically insulating an electrostatic 
accelerator is a simpler undertaking, as the electrical current 
does not need to vary rapidly, or at all, other than to turn it on 
and off. 

The most common and least disputed source of high volt 
age breakdoWn in vacuum is electron emission from sharp 
edges or microprojections on the surfaces of electrodes, 
Where the electric ?eld strength is strongly enhanced relative 
to the nominal ?eld strength if the electrodes Were perfect 
planes. Because the electrons are emitted from a very tiny 
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6 
point, the current density may become large enough to vapor 
iZe metal and produce a metal vapor arc, also With a high 
current density. This model of breakdoWn is generally 
thought to adequately describe the linear regime of voltage 
holding With distance betWeen electrodes that holds for elec 
trode spacings of up to about a centimeter, but it is thought to 
fail for larger gaps, Where, beyond a centimeter, the voltage 
that a vacuum gap is capable of Withstanding appears to scale 
as about the square root of the gap betWeen the electrodes. 

In an attempt to ?nd a mechanism that might yield the 
apparent square root of gap scaling of the voltage that could 
be held across a larger vacuum gap, other explanations have at 
times been proposed, including clump theory, Which suggests 
that clumps of material become charged and pick up suf?cient 
energy in being accelerated across the gap to produce an 
ioniZed gas cloud When they strike the other electrode, trig 
gering an arc, or the particle exchange model, Which postu 
lates negative and positive ions and electrons being acceler 
ated across the gap to initiate a discharge. While these models 
may result in a scaling of maximum voltage holding With gap 
distance in a Way similar to that observed, it is not clear 
Whether they are entirely physically plausible. It is not appar 
ent Why detachable clumps Would alWays be initially present 
on all vacuum surfaces, and Why they Would subside With 
conditioning, or hoW they Would concentrate enough energy 
to vaporiZe and ioniZe material upon impact. The status of ion 
exchange theory seems even less clear, and in any event, some 
of the most common gases one might expect to ?nd on sur 
faces in recently evacuated volumes Would make feW if any 
negative ions. Hydrogen has an electron a?inity of only 0.75 
eV, and produces almost no negative ions When re?ected or 
desorbed from materials commonly used for accelerator grids 
unless the electron Work function has been loWered by depo 
sition of an alkali metal. Nitrogen has no electron af?nity, and 
therefore produces no negative ions. 
One reason that the electric ?eld emission of electrons, the 

most physically plausible model for voltage holding in 
vacuum, does not entirely Work in explaining voltage holding 
across all gap lengths might be that it does not entirely include 
the necessary physics. Insofar as may be ascertained, the 
simple treatment of voltage breakdoWn across vacuum gaps 
does not include the self-magnetic ?eld of the electrons, 
either of the electrons emitted from high-?eld projections or 
edges, or of the electrons in the subsequent metal vapor arc. 
The magnetic ?eld associated With the electric current pro 
duced by the electron ?oW produces a magnetic ?eld encir 
cling the current. This magnetic ?eld, Which in most cases 
likely has a roughly circular cross section, results in at least 
tWo effects that affect the evolution of high voltage break 
doWn and consequently affect hoW voltage holding scales 
With the distance betWeen electrodes. 
One effect of the self-magnetic ?eld is to collimate and 

focus the electrons, changing What might otherWise be a 
dispersed spray into a high current density ?oW carrying 
much higher poWer density than Would a dispersed spray. The 
second effect is to render this column of electrons kink 
unstable, Which, as is knoWn from basic plasma physics, is the 
case With all such current channels. These same tWo effects 
are What govern the dynamics of a closely related phenom 
enon, unipolar arcs, Which arise across a sheath betWeen an 
electrode and a plasma, leaving a characteristic dendritic, or 
“chicken track,” pattern on the electrode as the tightly colli 
mated electron beam Wanders around on the surface under the 
in?uence of the kinks. The ?rst of these effects, the collimat 
ing of the electron ?oW by the self-induced magnetic ?eld, 
may be a contributing factor, or perhaps the primary factor, to 
Why the voltage sustainable across larger gaps is less than 
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linear With gap distance, so that large gaps sustain lower 
gradients than smaller gaps. The second effect, the kink insta 
bility driven by the self-magnetic ?eld, is more likely to 
produce the opposite effect, rendering larger gaps able to 
sustain higher electric ?eld gradients, because the kinking 
Would both increase the path length and decrease the dWell 
time of the electron ?oW at any given spot on the anode. Since 
the observed scaling in the vacuum breakdoWn literature is 
that for gaps larger than a centimeter, the sustainable gradient 
decreases With electrode separation, it folloWs that the colli 
mating and focusing effect of the self-magnetic ?eld of the 
electron current must be more important than the effects of 
the kink instability it drives, if the self magnetic ?eld is, as is 
suggested, important in determining voltage holding charac 
teristics. 

Regardless of Which of these effects, or Which mixture of 
these effects, dominates in producing spontaneous break 
doWn across vacuum gaps betWeen electrodes, magnetic 
insulation Which envelopes the accelerator electrodes as sug 
gested by the present invention impedes the breakdoWn pro 
cess by keeping the initial charged particles very close to the 
accelerator electrode surface. If the motion is restricted suf 
?ciently so that the chargedparticles do not fall across enough 
of the potential gradient to pick up enough kinetic energy to 
enlarge their Larmor radii suf?ciently to alloW them to move 
beyond the surface imperfections that could intercept them, 
or if the magnetic insulation reduces the net How of electrons 
to the electrode surface, then the magnetic insulation 
increases the voltage gradient Which a given gap may sustain. 

Since an average charged particle gyroradius radius Which 
exceeds the local surface roughness by a large enough factor 
to alloW the electrons, ions, or clumps to pick up more energy 
Without striking a surface imperfection impairs the effective 
ness of the magnetic insulation, the most important factor in 
Whether magnetic insulation is a practical potential improve 
ment to electrostatic accelerators is the birth energy of the 
spontaneously emitted electrons or other particles. 

In the case of spontaneous ?eld emission, Whether of elec 
trons, ions, or clumps, the birth energy at the electrode surface 
is very loW, about the temperature of the material for elec 
trons, and probably less for heavier particles, and thus spon 
taneous vacuum gap breakdoWn appears to be the phenom 
enon Which may be most susceptible to amelioration by the 
application of magnetic insulation. This phenomenon occurs 
in electrostatic accelerators and their support structures When 
they are being vacuum conditioned Without ion beams and 
also When they are being operated With ion beams, and, more 
generally, occurs for suf?ciently high voltages betWeen any 
pair of electrodes used for any application. 

Additional sources of electron emission from accelerator 
electrodes that may induce high voltage breakdoWns When 
charged particle beams are being accelerated include second 
ary electron emission due to interception of the accelerator 
electrodes by beam ions, beam electrons, or energetic neu 
trals produced by neutraliZation of beam ions due to colli 
sions With gas molecules, and photoelectric electrons pro 
duced by ultraviolet light arising from collisional excitation 
of the beam or background gas. These phenomena are likely 
to result in electrons leaving the electrode surface With an 
average energy Which is appreciably larger than in the case of 
the spontaneous ?eld emission electrons or other particles, 
but the initial current density of electrons arising from these 
processes is likely to be much loWer than in the case of 
spontaneous ?eld emission, so they may still be someWhat 
ameliorated by magnetic insulation, and, in any event, they 
are probably less signi?cant than spontaneous ?eld emission 
as a source of breakdoWn. 
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8 
Given the above theoretical discussion, referring to FIGS. 

2 and 3, in one exemplary embodiment, the magnetic insula 
tion systems and methods of the present invention involve 
encapsulating each of the accelerator electrodes 16 and asso 
ciated support structures 18 With a magnetic ?eld 40 formed 
by an electric current 42 ?oWing along the support structure 
18 from one side of the ?at grid plate 16, through the ?at grid 
plate 16 and out the other side of the support structure 18, thus 
forming a magnetic ?eld 40 that is everyWhere parallel to the 
?at grid plate 16 and its support structure 18, perpendicular to 
the electric current 42. The magnetic ?eld 40 is adjusted to be 
strong enough to bend electrons 44 born at the surface of the 
?at grid plate 16 back into the ?at grid plate 16 before they 
travel far enough to pick up appreciable energy (for the most 
ubiquitous type of breakdoWn, the electrons have a birth 
energy of roughly the grid temperature). These electrons 44 
are induce to spiral about the magnetic ?eld 40, thereby being 
trapped at the surfaces of the accelerator electrodes 16. Pref 
erably, each ?at grid plate 16 has its oWn magnetiZing current 
42 fed from a poWer supply 46 (FIG. 2) at the grid potential. 
Preferably, the poWer supply 46 has a large current capability, 
but very little output voltage capability (i.e. a volt or so). 
Depending upon the particular electrostatic accelerator 
design, the magnetic ?elds 40 may be chosen to either be in 
the same direction around successive ?at grid plate 16, or in 
opposite directions. 

Experimental Procedure 

Because the most important factor determining the 
required magnetic ?eld strength to improve voltage holding is 
the birth energy of the charged particles and their interactions 
With the local micro-landscape of the electrode, the feasibility 
of magnetic insulation lends itself much more naturally to an 
experimental test than it does to a theoretical simulation. The 
folloWing experimental program may be used to test Whether 
magnetic insulation improves voltage holding in electrostatic 
accelerators. 
The simplest breakdoWn phenomenon on Which to test 

magnetic insulation is also the most ubiquitous, spontaneous 
breakdoWn. The facility required to test this is simply a 
vacuum enclosure containing tWo smooth rectangular elec 
trodes separated by an adjustable gap across Which high volt 
age may be applied. In order to simplify the experimental 
logistics, the grounding of the high voltage supply should be 
arranged such that the cathode electrode, from Which ?eld 
emission of electrons originates, is at ground potential. This 
alloWs the loW voltage high current supply that produces the 
magnetic insulation to sit at ground potential, rather than 
needing to be ?oated at high voltage. The leads for the mag 
netic insulation current should approach the ends of the elec 
trode at cathode potential from behind, so as not to distort the 
magnetic ?eld (in an actual electrostatic accelerator, they 
connect to the support structure for each accelerator grid). 
The Width of the electrodes are siZed to match the available 
poWer supply, so that a surface magnetic ?eld in the range of 
at least several hundred gauss to a kilogauss may be produced, 
and the length of the electrode should be at least as great as the 
Width so that there is a planar region to the electric ?eld. It is 
dif?cult to make an estimate of hoW large a magnetic ?eld 
should be applied, but, from a practical point of vieW, it is 
unlikely that magnetic insulation ?nds much application if 
the required surface ?eld is very large, say signi?cantly larger 
than a feW kilo gauss. Since the birth energy of a ?eld emission 
electron at the surface of an electrode is presumably about the 
temperature of the material, 0.025 eV, a relatively modest 
magnetic ?eld may impede its motion. For instance, a 100 
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gauss ?eld would restrict such an electron to a gyroradius of 
38x10‘3 cm. Such a gyroradius might still allow an electron 
that escaped the surface to pick up some energy in a su?i 
ciently high electric ?eld, such as the 4><l04 volts/cm in the 
highest ?eld gap of some electrostatic accelerators. However, 
since the magnetic ?eld is also present within the electrode, 
where the applied electric ?eld is nil, it may impede electron 
motion su?iciently to reduce ?eld emission. If needed, it is 
practical make the surface magnetic ?eld signi?cantly higher 
than 100 gauss. 

The experiment then consists of ?nding the maximum 
voltage that a vacuum gap may sustain without the magnetic 
?eld, and then measuring how much, if any, this is increased 
as a function of the magnetic ?eld produced by various cur 
rent levels ?owing through the electrode at cathode potential. 
If the magnetic ?eld is bene?cial at a small gap of a few tenths 
of a centimeter, then the gap may be gradually increased to 
distances greater than a centimeter, up to the limits of the high 
voltage supply. 

If magnetic insulation proves useful in suppressing spon 
taneous breakdown, then, with some additions to the test 
facility, it may be tested for e?icacy against other types of 
breakdown initiation. Adding an ultraviolet light source 
would test whether it suppressed photoelectric-induced 
breakdown, and adding very low current electron and ion 
beams would test whether magnetic insulation also sup 
pressed breakdowns induced by secondary emission arising 
from grid interception of energetic particles. Magnetic insu 
lation may be less likely to prove effective at inhibiting these 
types of breakdown mechanisms than in the case of electron 
?eld emission, simply because the birth energy of the elec 
trons is much greater, especially in the case of secondary 
electron emission. However, since the current densities of 
ions, neutrals, and electrons striking electrode surfaces are 
typically orders of magnitude less intense than those arising 
from ?eld emission, magnetic insulation may prove useful 
even if it does not suppress these additional sources of break 
down, so long as it has some effect upon electron-emission 
initiated breakdown. 
A different sort of breakdown which occurs in electrostatic 

accelerators is breakdown along insulators due to spontane 
ously emitted electrons from the electrodes striking insulators 
and releasing gas which leads to ?ashovers along the insula 
tors. Such ?ashovers may also arise from charge buildup on 
the insulators, a phenomenon which is traditionally amelio 
rated by increasing the electrical conductivity of the insulator. 
While magnetic insulation may have little effect upon the 
second of these phenomena, surface charging, it may amelio 
rate the ?rst one, gas emission, by suppressing spontaneous 
electron emission from the electrodes that form the support 
structure at the insulators. 

Magnetic insulation may ?nd use in electrostatic accelera 
tors used for many applicationsimost immediately in the 
next generation of high energy high current negative hydro 
gen isotope accelerators planned for such nuclear fusion 
devices as ITER in the European Union and JT-60SA in 
Japan. The magnetic insulation ?elds will, of course, have the 
undesirable side effect of de?ecting the ion beams being 
accelerated. However, this is a tolerable effect, in part because 
the energetic ions are much less effected by the magnetic ?eld 
than are the very low energy electrons it is intended to sup 
press, but also because the magnetic ?eld envelopes each 
electrode, so that it de?ects the ions in one direction on the 
upstream side of the electrode (where upstream refers to the 
direction from which the beam is coming), and in the opposite 
direction on the downstream side, so that the net de?ection is 
primarily due just to the fact that the ion velocity is higher on 
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10 
the downstream side of the electrode than on the upstream 
side. If there are multiple stages of grids using magnetic 
insulation, then the total net de?ection of the ion beam may be 
designed to be as low as desired if the currents in different 
stages are chosen to run in different directions. Since the 
magnetic ?elds exert mechanical forces (either repulsive or 
attractive, depending upon the relative directions of current 
?ow in successive grids) on the grids and their support struc 
tures, these forces must be accounted for in the design, and 
may impose practical constraints upon the maximum strength 
of the magnetic insulation, 

Thus, the present invention provides systems and methods 
using electrical currents ?owing along accelerator grids or 
electrodes and their support structures to produce enveloping 
magnetic ?elds to suppress high voltage breakdowns in 
vacuum. In order to be useful, this technique does not need to 
work perfectly. In many applications, such as the large area 
high current accelerators used in nuclear fusion experiments, 
where several hundred to more than a thousand beamlets of 
ions are accelerated through successive stages of grids, 
improving the voltage that a single accelerator gap or series of 
gaps may sustain without breakdown by even twenty percent 
or so is considered signi?cant, as is a substantial reduction in 
the time required for high voltage conditioning. In any event, 
magnetic insulation is a relatively easy idea to test, and its 
success or failure lends itself to simple interpretation. 
Although the present invention has been illustrated and 

described herein with reference to preferred embodiments 
and speci?c examples thereof, it will be readily apparent to 
those of ordinary skill in the art that other embodiments and 
examples may perform similar functions and/ or achieve like 
results. All such equivalent embodiments and examples are 
within the spirit and scope of the present invention, are con 
templated thereby, and are intended to be covered by the 
following claims. 

I claim: 
1. A system for accelerating charged entities, comprising: 
a charged entity source where said charged entity source is 

capable of generating a stream of charged particles; 
a plurality of accelerator electrodes for accelerating said 

charged particles provided by the charged entity source 
where said accelerator electrodes are ?at grid plates each 
having an aperture within said plate and where said 
plates are arranged in an orientation such that the grid 
plates are positioned parallel to each other and where 
said apertures are coincidental to allow the stream of 
charged particles to ?ow from one to the next; 

support members to which said plates are attached; and 
one or more power supplies coupled to the accelerator 

electrodes for providing an electrical current through 
each of the accelerator electrodes and generating a mag 
netic ?eld around each of the grid plates. 

2. The system of claim 1, wherein the one or more power 
supplies are also coupled to support members for providing 
an electrical current through each of the support members and 
generating a magnetic ?eld around each of the support mem 
bers. 

3. The system of claim 2, wherein a direction of the current 
provided through each of the accelerator electrodes and sup 
port members is reversed for alternating accelerator elec 
trodes and support members. 

4. The system of claim 2, wherein the magnetic ?eld is 
substantially parallel to a surface of each of the grid plates and 
support members. 

5. The system of claim 4, wherein the magnetic ?eld pre 
vents charged entities from leaving a surface of each of the 
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accelerator electrodes and support members and picking up 
energy from a surrounding electric ?eld. 

6. The system of claim 1, Wherein the one or more poWer 
supplies, electrical currents, and magnetic ?elds are used to 
improve the Voltage holding capability of the system. 5 

* * * * * 


