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* REYIEW OF ELECTROSTATIC PLUGGING 

** T. J. Dolan 

Lawrence Livermore Laboratory, 

University of California 

Livermore, California 94550 

ABSTRACT 

..------NOTICE-----, 
This report was prepared u an aceount of ~ork 
spomorcd by the United States Govanment. Nather 
the United States nor the United States EnersY 
Research and Development Administration, nor any of 
their employ:«~, nor any of their contractors. 
wbcontncton, or their employees, makes any 
wamnty, express or impUcd, or assumes any legal 
liability or resport~~'bility for the ac:curacy, completeness 
or utefulness of aay information, appan.tus, product or 
process disdoltd, or represents that its use would not 
infringe privatdy owned rights. 

Using electric fields ·to diminish end losses from open 

magnetic plasma confinement systems is equivalent to magnetically 

shielding the grid wires of an electrostatic plasma confinement 

device. Electrostatically plugged magnetic cusps confine elec-

.trons magnetically in the perpendicular direction and electro­

statically in the parallel direction, and ions are purely electro-

statically confined in both directions. Theoretical estimates 

have been made of confinement times, electron density, plasma 

potential, and plasma temperatures. Experimentally, plasmas with 

12 -3 n = 5 x 10 em , T. = 1 keV, T = 5 msec, have been confined by 
1 

cusp fields of about 10 kG with applied voltages ~ 10 kV. Fusion 

reactors with (fusion power)/(injection power) = Q ~ 5 appear 

feasible using B ~ 80 kG, applied voltage ~ 300 kV, if extrapola-

·tions from present experiments hold. Electrostatically plugged 

cusps are similar in some ways to Tandem Mirrors, to Tormac, and 

to SURMAC plasma confinement systems . 

* Work performed under the auspices of the u.s. Energy Research & 
DevP.lnpment Administration under contract No. W-7405-Eng-48. 

**university of Missouri, Rolla 
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BACKGROUND 

Electrostatic plasma confinement was proposed in the 

1950's by Farnsworth and by Wells in the USA, and by Lavrent'ev 

in the USSR. (l, 2 ) Early electrostatic pl~sma confinement experi-

ments consist of concentric spherical wire mesh electrodes which 

accelerated charged particles inwards to produce a virtual elec-

trode inside the central sphere (Fig. 1). For example, if elec-

trons were inj ec.ted in.to the sphere, they would produce a virtual 

cathode, which could trap energetic ions. For the case of elec­

tron injection, it appeared that there are two difficulties: pro­

hibitively high currents would be required for a reactor, ( 2 ) and 

grid wires would melt. Calculations of grid wire heating from 

charged particle bombardment and cooling by radiation indicated 

that better nT values could be obtained for the case of a pulsed 

reactor, and for the case of ion injection, but that the Lawson 

criterion could probably not be attained with a reasonable device 

radius. ( 3 ) At the same time, high neutron yields were observed 

from a steady-state device using ion injection from six ion guns; (4 ) 

these neutron yields exceeded the predictions of simple theories. 

One hypothesis which could account for the observed neutron yields 

is the formation of multiple, concentric, spherical potential wells 

of alternate sign inside the central sphere, with circulating 

currents high~r in the inside layers, as illustrated in Fig. 2. 

According to such a model, ions trapped in interior layers could 

have high energies and densities, producing significant fusion 

energy yields. Recent theoretical and experimental studies indi­

cate that two or more concentric spherical potential wells may 
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Fig. 1. Schematic diagram of electrostatic-inertial plasma 

confinement. Charged particles emitted by the source grid 

are accelerated inwards through the central grid. A dense, 

hot plasma can be produced at the center. 
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indeed be formed. (S, 6 ) However, overheating of the grid wires 

remains a serious problem. 

One way to reduce the heat load from charged particle 

bombardment of the grid wires is to shield them magnetically 

by passing high currents through them, as illustrated in Fig. 3. 

If electrons are injected.through the grid wires, very few will 

contact the grid wires directly. Some electrons will gradually 

become trapped in the magnetic field and diffuse to the grid wires, 

but this process is many orders of magnitude slower than direct 

bombardment. Such a scheme has been proposed for a fusion 

reactor. (?, 3 ) The same scheme has also been developed from a dif-

ferent direction, namely, from open magnetic confinement systems. 

Minimum-B magnetic confinement systems offer good MHD 

stability, but suffer from rapid plasma loss along magnetic field 

lines. Confinement times in adiabatic magnetic mirror devices 

are typically on the order of ion-ion scattering times, which 

makes Q 2 1, where Q is the ratio of fusion power to injection 

power. Confinement times in non-adiabatic devices, such as cusps 

and open-ended SURMAC (to be discussed later)are T ~ 4V/viSL, 

where vi is the ion speed, V is the plasma volume, and SL is the 

total loss hole area. This time is typically tens to huDdreds of 

bounce times back and forth inside the central field-free (high-

beta) region. For cusp confinement, the loss area through each 

circular cusp with radius R is 2nR(2o), where o is the effective 

half-width of the cusp gap through plasma is lost. If o ~p. (the 
1 

ion Larmor radius), then unfeasibly largeR and B would be required 
1.-.-

for a ~eactor. ·If 8 ~ {p p.) ~(a hybrid gyroradius) as indicated 
e 1 · 
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in some recent experiments, then a reactor is feasible, but very 

high magnetic fields and large radii are needed. {8 } For an op,en-

ended SURMAC device, the minimum size end loss holes require a very 

large plasma volume to attain adequate T. Thus it is desirable to 

find a means for plugging end losses from mirrors, cusps, and open-

ended SURMAC devices in order to attain high Q {Q ~ 5} without 

requiring extremely large R or B. 

Several means of Q-enhancement for open magnetic confine-

ment systems are being studied: radiofrequency {rf} plugging, field-

~eversed configurations, Tormac, multiple mirrors, the Tandem Mirror, 

and electrostatic plugging. Electrostatic plugging of cusps was 

proposed to reduce the loss rate of plasma flowing along magnetic 

field lines out the cusp gaps. {7 } This is achieved by using elec-

trodes in the cusp region to repel escaping electrons, and thus to 

. {3 7 9-12} 
control the plasma potent1al. ' ' 

If the plasma potential is highly negative, relative to 

the walls, the ions will be confined electrostatically, regardless 

of the configuration of the magnetic field or the size of their 

Larmor radius. Only electrons will· be energetically able to pass 

through the narrow cusp gaps {plus a few ions in the high-energy 

tail of the Maxwellian}, so the width of the untrapped electron 

stream flowing through the cusp gap will be 0 ~p • 
e 

Early experiments with "electromagnetic traps" (electro-

statically plugged cusps} showed that the eLectron confinement 

time increases by over three orders of magnitude when the plugging 

vqltage is turned on, that the rate of electron loss across the 

magnetic field is similar to that expected from classical diffusion, 
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and that the plasma density increases proportional to B2 . ( 3 ) 
·' 

Further experiments have shown that the ion temperature scales 

linearly with applied voltage, and that a deep, negative potential 

well can be sustained for the duration of the experiment (many 

msec). (l 3 ) 

Theoretical analyses indicate that the particle loss times 

along magnetic field lines are on the order of their self-collision 
I 

times multiplied by exp(~./T.), where ~· is the electrostatic 
. J J J 

potential barrier confronting escaping particles, T. is their 
J 

d . . (14-17) . h mb . d temperature, an J = 1 or e. For a g1ven c a er s~ze an 

magnetic field strength in the cusps, the probability of an elec-

' 

tron's flying out through the cusp gap diminishes with increasing 

d f h 1 . 1 h . . h . . b f (lS) or er o t e mu t1po e, t at 1s, w1 t 1ncreas1ng num er o cusps .. 

Those electrons which do succeed in entering the cusp gaps 

are accelerated by the positive applied voltage there, so their 

density drops. (l 9 ) Because of this effect, the electron density 

in the plasma can be significantly greater (by a factor of about 3) 

than the electron density in the cusp gaps. 

The shear of the electrons' Ex B/B
2 

drift velocities in 

the line cusp region gives rise to the diocrotron instability. 

Recent theoretical and experimental studies indicate that this 

instability is the .main limitation on electron density and trans­

port rates in the cusp gap. (2 0) The long-wavelength mode, which 

begins at low·densities, can be stabilized by ·a conducting wall 

placed very close to the electron stream in the cusp gap. This 

conducting wall can be the· positive plugging electrode (anode). 

The short-wavelength mode is insignificant at low densities, but 

limits the plasma density in the line cusp such that 

2 2 < . 
wp /wee = 0.2 there. q -
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Thus, electrostatic plugging has evolved from two direc­

tions: magnetic shielding of grids in spherical electrostatic 

confinement ~ystems, and electrostatic plugging of end losses from 

open-ended magnetic confinement systems. 

HOW ELECTROSTATIC PLUGGING IS SUPPOSED TO WORK 

A toroidal cusp is illustrated in Fig. 4. High voltage 

electrode rings are placed in each of the cusp gaps, as shown. 

The anodes are biased positive, and the cathodes negative. Oper­

ation of the confinement system depends primarily upon the voltage 

~A applied between the cathode and anode, and not upon the relative 

location of the external "ground" potential. Either the cathodes, 

or the anodes, or neither, may be grounded. 

In vacuum, the interior of the device will be near the 

anode potenti~l (dashed curv~) . Plasma may be produced by electron 

beam injection into low-pressure gas, by rf heating, by plasma gun 

injection, by laser-pellet heating, by neutral beam injection, etc. 

Electrons going out through the cusps are reflected by the negative 

voltage of the cathode, but the exiting ions are not confined. 

They either strike the anodes, or else are accelerated into the 

cathodes. ~his initial poor ion confinement and good electron 

confinement results in.loss of some ions, but almost no electrons, 

so that a charge imbalance is set up. The plasma develops a 

slight negative charge, due to the excess of electrons, and the 

plasma potential becomes negative relative to the anodes (the 

smooth curve of Fig. 4). If the anode gaps are narrow enough that 

their potential is not entirely shielded out by the plasma in the 

anode regions, then the potential there will be near the anode 

. -10-
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potential, and·higher than the plasma potential, forming a poten-

tial hill ~· for the remaining ions. Only a slight fractional 
1 

charge imbalance is required to set up a potential hill many kV 

high. Now only ions with kinetic energies greater thane~. can 
1 

escape along the magnetic field lines out the cusps. The two-

dimensional potential distribution is il+ustrated in Fig. 5. The 

potential is saddle-shaped in the anode regions,· with the saddle 

point lying an amount ~~ below the anode potential. The potential 

hill for ions trying to get to the walls (at anode potential) is 

even higher, so most ions will go out through the cusps (this is 

similar to "selective leakage" from mirrors) as soon as they 

acquire enough energy to overcome the barrier~.; very few ions 
1 

will be confined long enough to get the energy required to over-

come the barrier (~. + ~~) and get to the walls. Thus, the ions 
1 

are electrostatically confined in a negative electrostatic poten-

tial well produced by a slight charge imbalance. It does not 

matter how large. the ion Larmor radius is, because the ions will 

be electrostatically reflected in the boundary layer. Free stream-

ing of electrons from the anode regions along the plasma boundary 

field lines will tend to maintain density distributions similar 

·to those of the anode regions, except for the modifications imposed 

by differences in electrostatic potential. The existence of a 

potential difference along the-magnetic field lines is made pos-

sible by the boundary condition that the walls are very close to 

the center of the plasma in the anode gaps, but very far from 

the plasma center along most of the boundary. 

The central plasma region is free of both electrir. ~nd 

magnetic fields, is unifor~ in density and temperature, and is 

-12-
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surrounded by a thin boundary layer. The thickness of the boundary 

layer can be determined by flux-matching from the anode regions. 

The outer flux surface is the surface along which electrons are 

scraped off by the anodes. The inner boundary flux surface is 

that surface alorig which cold, untrapped plasma electrons are 

reflected.· 

Electrons can be trapped by the magnetic boundary layer. 

These electrons, which cannot enter the field-free region, are 

called "magnetically trapped". Another class of electrons consists 

of those electrons which have energies such that they are unable to 

enter the field-free central plasma region, as illustrated in Fig. 6. 

These electrons are called "electrostatically trapped". One source 

of electrostatically-trapped electrons is from ionization of inci-

dent neutral gas atoms along the slope of the pptential well. 

The anode gap half-width is typically b ~ 3-10 p , so e 

the entire plasma boundary should have a thickness of 3-10 Larmor 

radii, with the Larmor radius increasing away from the anodes, 

due to the decreasing magnetic flux density. The electron Larmor 

radius along the plasma boundary p = p (B/B
0
), where p is the · o e e 

Larmor/.radius in the cusp gap, B is the magnetic induction in the 

cusp gap, and B
0 

is the induction along the plasma_ boundary. For 

a reactor, b ~ 1 rnrn, and the boundary layer thickness is on the 

order of 5 rnrn. 

There are two sources of electrons: free (untrapped) elec-

trons £rom the cathodes, and trapped electrons from ionization of 

incident neutral gas. (Very few of the electrons produced by 

ionization will be produced in a location where they are not trapped.) 

-14-
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The free electrons will circulate back arid forth through the 

plasma, occasionally passing out through the anodes and being 

reflected back in by the potential hill ~ . There is, of ·course, 
e 

mixing betw~en.the two electron groups: Coulomb collisions and 

E-field fluctuations can cause diffusion in velocity space, 59 

that trapped.electrons can become heated and detrapped, and free 

. (21 22) 
electrons can be cooled and trapped. ' 

There are two main free-electron loss processes: diffusion 

in velocity space over the potential barrier ¢ , and trapping by e 

the magnetic field with subsequent diffusion to the anodes. By 

making the applied voltage ~A sufficiently large, the loss rate 

along the magnetic field lines can be made arbitrarily small. 

It appears that ~A ~ 300 kV will be adequate. (2l) Magnetic trap­

ping of fr~e electrons and diffusion are series processes. The 

total hot-electron cross-field confinement time is the sum of the 

trapping time p1us the diffusion time. 

Electron energy is supplied from the plasma source: elec­

tron beam injection, neutral beam injection, rf heating, etc. 

It is dissipated by thermal conduction, convection, radiation, 

and friction with the ions. The convection losses a·re essentially 

the same as the particle loss rates weighted by the average energy 

carried out by electrons escaping along and across the ~agnetic 

field. 

Ions are produced by ionization of incident neutrals, 

usually along the slope of the potential hill, since the neutral 

atom mean free path is typically comparable to the thickness of 

the boundary layer. The resultant ions are accelerated as they 
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fall down the hill into the plasma region. This heating process 

partially compensates for charge exchange losses. The bulk of 

ion heating comes from interactions with hot electrons. Ion 

energy is lost by charge exchange and by convection, as heated 

ions escape over the potential hill~ .. 
1 

THEORY· 

Magnetic Trapping Time 

Typical particle trajectories of ions and electrons are 

illustrated in Fig. 5. The electrons travel in straight lines in 

the field-free region of the plasma. They are magnetically 

reflected off the boundary layer. In order to become magnetically 

trapped and diffuse across the magnetic field, they must undergo 

a Coulomb collision or scattering interaction with electric field 

fluctuation, which carries .them across the velocity-space trapping 

boundary during the brief time that they are passing in and out 

·of the boundary layer. 

The average time it takes the free electrons to become 

magnetically trapped has not been accurately calculated yet. A 

procedure for calculating it and a rough estimat~ of the integral 

involved will be discussed here. 

Consider a planar plasma-magnetic field boundary layer 

with the z axis chosen parallel to Band the x axis.perpendicular 

to the boundary, as shown in Fi0. 7. ThA Affect of collisions 

in the boundary layer is illustrated in Fig. 8, which shows one 

trajectory in which an electron has become trapped as a result of 

a tollision. The problem is to consider all the points along all 

possible trajectories of incident electrons, and determine what 

-17-
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fraction of these become trapped. The probability that a collision 

can cause trapping varies from point to point along each particle's 

trajectory, because the angles defining the trapping boundary 

change, and so does the collision frequency. 

In addition to magnetic trapping, the electron may become 

electrostatically trapped by energy-loss collisions in the boun-

dary layer, as can be seen from the electrostatic potential curve 

in Fig. 7~ 

The inverse trapping time may be written in the form 

h:otal number of electrons probability of becoming 
L incident per second trapped alon trajectory 

(total number·of electrons in plasma) = 

where S is the plasma surface area, V is the plasma volume, ¢ 0 is 

the angle of electron incidence (Fig. 8), v 10 is the incident velo­

city component perpendicular to the magnetic field, v.LO is the 

incident vlocity.component parallel to the magnetic field, v (x) 
l. 

is the perpendicular velocity at position x, vc(x) is the Coulomb 

collision f~equency, f is the electron distribution function in 

the plasma, Pet(x,¢ 0 ,v10 ,v
10

> is the probability of a Coulomb 

collision's causing electrostatic trapping at ·x, and Pmt(x,¢ 0 ,v 10 , 

vL
0

l is the probability of a Coulomb collision·causing magnetic 

trapping at x. Computation of ~hese probabilities is a complex 

geometrical problem, since they depend on the electron's velocity 

components, position in the boundary layer, and condition of the 

-20-



field partic~es. Because ·of the multiple small-angle scattering 

nature of Coulomb collisions, the concept of an electron's tra-

jectory being perturbed by just ohe collision is itself invalid. 

The probabilit~es Pet and Prot are large only for electrons with 

very small ~O. (near grazing incidence). The Monte Carlo rnethod(
23

) 

may be useful in evaluating Eq. (1). 

A. · t 1 f d to M · ( 2 4 ) · f d b n approx1rna e va ue o Tt' ue o1r , lS oun y 

considering 60 rrns, the rrns value of deflection experienced by 

electrons during their brief transit in and out of the boundary 

layer, which lasts a time t 1 = 2Tirne/eB0 , where 

BO. = [2].1 n (T + T. )Jl/
2 

o e e 1 
(2a) 

Assuming that the incident electrons are isotropically distributed 

and undergo deflections of 60rrns' about half of those incident at 

angles smaller than 60 will be deflected in_the right directions rrns 

to become trapped. The fraction of electrons incident at angles 

in the x-y plane smaller than 60 is roughly (60 /2TI) , so the · . rms . rrns 

fraction of incident electrons trapped is approximately 6~ /4TI. rrns 

The trapping time may be found from the particle balance equation 

(2b) 

where v~ is an average electron speed and Tgo represents the 90° 

electron-ion scattering time. The second term on the right, which 

represents trapping by a single larg.e-angle deflection, is much 

smaller than the first, and may be ignored. The value of 60 rrns 

attained during the transit time t
1

, may be estimated from Eqs. 

(8.18) and (8.19) of Ref. (25), which gives 
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1::.8 
rms 

~(>)" 
8 = [ 

3 ·p A n e -<..n 
e 

2 B E 2 m 
o o e 

( 3) 

where EO is the permittivity of free space, ~ ·is an angular relaxa-
8 

tion time, and lnA is the Coulomb logarithm. Combining Eqs. (2) 

and .(3), and using V/S = r /2, where r is the radius of the cylin-
p p 

drical plasma, we get 

= 
8rrr 

p 
v 1::.8 e rms 

= 
~ 

8 ~rr E r (M · V B /n e 3 lnA) o p e e . o e 
( 4) 

This equation gives trapping times which are short compared 

to diffusion times across the magnetic field (to be discussed in 

the next section). If this estimate is correct, it means that the 

trapping time is negligibly short. 

Confinement Time 

The electron energy confinement time may be expressed in 

terms of energy loss rates along the magnetic field and across the 

magnetic field: . 

= -1 
(TEn + 

-1 -1 
TE..!.. ) 

The energy loss time along the magnetic field has been calculated 

_by Sizonenko and Stepanov(lG) to be 

!.: 
T E. 

11 
- ( T <P ITT ) 2 exp ( <P /T ) T ee e e e e ee 

( 5) 

( 6) 

where <P is the electrostatic barrier confronting escaping electrons e 

(Fig. 3), Te is the electron temperature, Tee is the electron-electron 

scattering time, and 

T (r S/S v t;) p g m 

-22-
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is the average time it takes an electron in the plasma with speed 

v > vm to pass through the "geometric" mirrors and impinge on 

the cathode. Here S is the plasma surface area, 
g 

S is the sur­
g 

face area subtended by the anode gaps, v 
m 

is the fraction of electrons with v 2:' 

(2e~ /m ) 112 , and · e e 

v which can get 
m 

through the anodes without being mirror reflected and reach the 

cathodes. Various estimates of T are given in Ref. (16) for 

different limiting cases of magnetic field variations and colli-

sionality. Here we will assume t;; - 0.8. 

For a cylindrical multipole plasma with N cusps, the area 

subtended by the magnetic cusp gaps is approximately 

S /S "" g 

where pL is an average Larmer radius of fast electrons enter­

ing the cusp gap. We will assume that two-thirds of the energy 

is perpendicular .to the magnetic field, so that 

= 1/2 . (2/3) v m /eB0 m e 

where B0 = is the magnetic field at the 

plasma bo~ndary. With these approximations, T may be written 

T -

An alternative equation for TEu may be found from the 

results of Pastukhov (17). Since the energy e~ e is recovered 

nirer.tly as electricity at the cathodes, the. parallel energy 

-23-
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confinement time is defined in terms of the functions calculated 

by Pastukhov to be 

-1.5 n T e e T = 
a{ne Te) Eu dn 

1.5 e<f> 
e 

dt e dt 

Using Eqs. (21)-(23) of Ref. ( 17) , this becomes 

where T is the electron-electron scattering time and g(R) is 
ee 

a function of the mirror ratio R. For the present nonadiabatic 

case we take R = 1, and g(R) = 2.4. Eqs. (6) and (10) give es-

timates of TEll which have slightly different variations with 

(<t>e/Te) · 

The cross-field energy loss time may be written 

where T cond 

T 
E.L = (T. cond) [ 

-1 
+ 

is the time. for heat loss by conduction and Td is 

(9) 

(10) 

( 11) 

the characteristic time for_ electron loss by diffusion. Radiation 

losses are not included in the energy loss time defined by Eq. (11) . 

For a high-beta, large-volume cusp plasma (such as in a multipole 

cusp) the diffusion time is 21 

2 = Cr b/p v P e 

-24-
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where pe is the average electron Larmor radius in the line cusp 

region; b.is the half-width of the anode gap; v is the effective 

momentum-transfer collision frequency of the electrons, including 

collisions with ions, neutrals, and E-field fluctuations; and 

C - 0.1 is a numerical coefficient depending on the shape of the 

magnetic flux surfaces. 

For low~beta, magnetized cusp plasmas (such as spindle 

cusps with low plasma pressures) the diffusion time may be esti­

. 26 27 mated from the equat~on ' 

= 

Here b must be interpreted as the distance from the midplane of 

the line cusp to the scrape-off flux surface, which may be inside 

the line cusp anodes in some cases (such as when the electrons 

travelling aloni an inner flux surface can get scraped off by the 

point cusp anode) . 

The energy loss time from heat conduction is roughly21 

T d con 

In order to wall~stabilize the long-wavelength diocotron 

( 13) 

(14) 

instability, b must not be much larger than the size of the elec­

tron stream in the anode regions (a few pe) . 20 Present experiments 

have b/p - 3-10. We will assume that stability can be maintained, e 

provided that . 
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b/p !S 5. e 

Inserting Eq. (15) into Eq. (12), \v(' fincl th;)t· · 

.5 r /p \). 
p e 

Numeri~al estimates df Eq~. (4), (16) indicate that 

(15) 

(16) 

Tt ((-rd. In the limit of high applied voltage <1> (T T ) (( 1 
A 1 E.L/ En ' 

as will be discussed below. For this case, we find from a combina-

tion of Eqs. (5) t, (11), (12), (14), and (16) that. 

0.3 r p 
P' \) e 

For numerical evaluation of ·this equation, we·will consider the 

case in which 

Then 

T. - T 
.1 e and electron-ion collisions are dominant. 

\) . = 
e1 3 7 10-15 /T3/2 

. x n ek 

where Tek is the electron temperature in keV and the density 
. . -3 

n 1s 1n m In these same units, the electron Larmor radius is 

where B is in Tesla, and e is the electronic charge (C) . After 

inserting Eqs. (18) and (19) into Eq. (17), we get 
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Eq. (20) gives.the qualitative scaling to be expected in the limit 

where losses along the magnetic field lines are negligible. Now 

we will estimate how high the voltage must be to make those losses 

negligible, using Eq. (10) for TE . 

" 
0.1 

where C = 5.3 x ·lo 14m- 3kev- 312sec and y = ~ /T After ee ~e e· 

rearrangement, this beco~es 

( 2 0 )· 

(21) 

y· 
e (y - 1) > 4.2 x 10 3 r B/T112 

p ek (22) 

For example, consider the case r p = 2m, B = = 20 keV. 

this 
y 

1) 9400, For case, e (y - > or y = 7.4. Assuming 

cf>e cf>A/2, the required value of cf>A is about 300 kV. Because 

of the exponential function, large increases of r B/Tl/2 
p ek 

compensated for by slight increases in Y. 

Diocotron Oscillations 

By definition, let q :: w
2 ;w2 = pe2 /2A.

0
2 

, where pe ce 

is the electron plasma frequency in the line cusp anode, 

can be 

w ce 

is the electron cyclotron frequency there, and A.
0 

is the Debye 

length_. The ion density in the anodes is very small, because few 

ions are energetically able to.reach the anode gap, and those which 
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can get through are lost at the cathodes after one pass (unless 

additional plugging electrodes are added). The negative electron 

space charge in the anodes depresses the electrostatic potential 

there by an amount 6¢, and the resultant electric field produces 
-+ -+ 

an E~B drift in the ±y direction, as illustrated in Fig. 9. 
B 

The shear of the· drift velocity tends to produce the slip-stream 

or diocotron instability, which can cause rapid electron transport 

across the magnetic field to the anodes. 

The long-wavelength diocotron instability can occur at 

very low values of q, on the order of 10-4 , which would limit 

the density to very low values. However, the long-wavelength modes 

can be stabilized by the presence of a conducting wall near the 

20 plasma. It has been found experimentally that having one of 

the anodes within a few pe of the electron stream is adequate 

to maintain stability. 

The short-wavelength diocotron instability has a rate given 

(q/2) exp (-2/q) ( 2 3) 

which is shown in Fig. 10. This instability is apparently insigni-

ficant for q < 0.1, and it is significant for q > 0~2. 

The diocotron instability has been observed experimentally, 

and it appears to be the major limitation on plasma density. In-

stabilities due to two-stream interactions and drift waves have 

not been observed so far. 
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Fig. 9. Distributions of electrostatic potential, electric 

field, and electron drift velocity in the anode gap region. 
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Fig. 10. Growth rate of the short-wavelength diocotron instability. 
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Electron Density 

Assuming that the short-wavelength diocotron instability 

·limit is q -~ 0.2 (for which AD ~ 1.6pe), the resultant limita-

tion on electron density in the line cusp anode is13 , 20 

= (SI units) . (24) 

The electron density in the central plasma can be signi-

ficantly higher, because plasma electrons are ~ccelerated as they 

pass through the anodes. On the other hand, cold trapped electrons 

accumulating in the anode would raise the density there. Consider­

ing only electrostatic _acceleration, the density ratio is19 

= exp (~·/T )erfc(~·/T )
1

/
2 

1 e 1 e . 

where ~· is the potential barrier for ions (Fig. 3). For typi-
1 

cal parameters, the density ratio given by Eq. (25) is about 3. 

(25) 

An approximate theoretical estimate of the density of cold trapped 

electrons indicates that their density is probably less than half 

21 the density of free plasma electrons streaming through the anodes. 

Plasma Potential 

The plasma potential will adjust itself so that the electron 

and ion particle loss rates are equal. The ion and electron loss 

rates over their potential barriers can be estimated from the equa-

lS . 16 17 
tions of Stix, · Sizonenko and Stepanov, or Pastukhov. Using 

the latter equations 
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dn./dt = s. - n./T. 1 1 1 1 

where Y. -. ¢./T. 1 1 1 
g ( R) 

ion self-scattering time, and 

is again equal to 2.4, T. . is the 11 

s. 
1 

is the ion. source from ioniza-

tion. Recombination is negligible. 

The ionization source term. for electrons is also s .. 
1 

Electrons exiting over the'potential barrier ¢e are subtracted 

from the electron beam injection current from the cathodes. The 

net current I can be either positive or negative, depending on 

whether the heating must be supplied by the electron beams or 

whether additional heating is available, as fro~ rf. The electron 

particle balance equation is 

By equating 

dn /dt = S. + I/eV e 1 

dn./dt 
1 

dn /dt, ·we can find the value of e ¢ .. 
1 

(If fusion reactions are significant, another loss term must be 

added to Eq. 26) . Knowing (or assuming) the spatial distribution 

(27) 

of electrons in the anodes, we can solve the. Poisson equation there 

for 6¢, and also find ¢e = ¢A 

is about half the applied voltage. 

Temperatures 

¢. 
1 

~¢. Typically, ¢e 

An b 1 . f h 1 b . 21 energy a ance equat1on or t e e ectrons may e wr1tten 
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=I¢ /eV- 1.5nT /TE - P d- 1.5n(T - T.)/T e e e ra e 1 eq ( 2 8) 

where the "energy confinement time" TEe defined previously in­

cludes only conduction and convection, P d is the radiative power ra 

loss, and the last term represents energy trarisfer to the ions. 

An energy balance equation for the ions may be written21 

= 1. 5 n (T - T . ) IT + f . s W · - (1 - f . ) S 1. 5 T . e 1 eq 1m a. 1 m 1 

- n.¢./T. l l l 

where f. is the fraction of incident neutrals which are ionized 
l 

(instead of causing charge exchange) , S is the volume-averaged 
m 

( 2 9) 

neutral input rate, W is the average energy acquired by ions formed a 

along the slope of the potential well, T. is the ion confinement 
l 

time defined in Eq. (26), and the effects of fusion reactions have 

been ignored. These equations are nonlinear, because the coeffi- . 

cients depend on the temperatures. They have been solved numeri-
1 

cally for some cases. The. resulting ion temperatures are typically 

about 5-15% of the applied voltage for the case of a plasma sustained 

by neutral beam injection29 and about 5% of the applied voltage 

f 1 . d b l b . . . 21 or a p asma susta1ne y e ectron earn lnJectlon. The predicted 

electron temperatures are generally slightly higher than the ion 

temperatures, although they can be lower for the case of neutral 

beam heating. 
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EXPERIMENTAL RESULTS 

Some parameters of recent experiments are listed in Table 1. 

All of these experiments are spindle cusps, due to financial limi-

tations, although spindle cusps are the worst cusp geometry for 

plugging. The magnetic fields listed are B 
r 

in the line cusp 

(the point cusp field is usually much stronger) . In these experi-

ments, the plasma is created by electron beam injection along mag-

netic field lines, with subsequent ionization of neutral gas. 

Experimental plasma densities increase proportional to B2 1 

in accordance with Eqs. 24 and 25, as illustrated in Fig. 11. In 

this figure the lower line is a plot of nA from Eq. 23. Experi­

mental data for two experiments indicate that. ne/nA is signifi­

cantly higher than expected from Eq. 25. 20 , 30 The reason for this 

beneficial effect is not understood. 

In comparing the theoretical confinement times given by 

Eqs. (3)-(1~) with experimental data, there are two main uncertain-

ties in the data: we do not know the exact values of Te or p , 
(neutral gas pressure) at which the data were taken. Even where 

pressure was measured experimentally, there can be significant 

variation between the gage and the edge of the.plasma. Neverthe-

less, we can use estimated values of p 
X I 

and T e to calculate 

confinement times, for comparison with measured confinement times. 

This is done for four experiments in Table 2. Numerical estimates 

indicate that the parallel loss processes are negligible for the 

cases of these experiments, so only cross-field losses are included 
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Table 1. Paraweters of various experiments. 

(Refs. 21,26,30-33) 

suggested 
Missouri Quebec · Kharkov. experiment reactor 

B (kG) 3 4 10 15 70 

cpA (kV) 1 2 7 10· 300 

p (Torr) 10- 5 10- 5 10- 7-lo- 6 10-7-lo-6 10- 7-lo- 6 

-3 3xlo10 4xlo 11 5xlo12 1013 .1014 n (em ) 
e 

* * T (keV) ( . 0 3) ( . 1) -2 -2 30 e 
* * T. (keV) (.003) ( . 01) 1 1 20 

l 

T (msec) 0.1 0.5 5 10 >1000 
£ 

T (msec). 0.09 0.04 0.3 0.2 0.9 ee 

* estimated (not measured) 
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ELECTRON 
DENSITY I 

-3 
em 

KEMP-II 
(Quebec) 

sugge::;t8d 
experiment 

C) 
. 

1011~~~~~-----L--~--~-L------~------~--~--~ 
1 10 100 

LINE. CUSP MAGNETIC INDUCTION B 1 kG 

Fig. 11. Variation of plasma density with magnetic induction. 
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Table 2. 

ring anode radius 

half-gap width 

point anode. radius 

Comparison of Theoretical T~ and TE~ with Experimental 
Confinement Times 

Misscuri ( 26 ) Quebec ( 30' 32) Kharkov Jupiter l-A(.3l) Jupiter 

il>p_ (kV) 0.5 2 5 7 

3z (Tl • 5 1.0 4.5 3.0 

B (T) -r . 3 0.3 .ll5 1.0 

R(mm) 160 175 120 120 

d
2

(mm) 3 3.1 - l* - l* 

r 2 (mm) 5 9.5 - 9* - 9* 

l-M(31) 

n (rr 3) 2 X 1016 3 X 1017 4 X 1018 5 X 10 18 

b 

\' . 
e~ 

Te (keV) - .01* ~ .1* - 2* 

Ti (keV) - .001* - .01* - . 8 
-* lo- 6 * 10-6 * p (Torr) - 10-::> - 3 X -

min [ d 2 r,;;;] 
*Estimated;data not available 

9 ( l' 5 x lD p Sec- ) 

l. 37 x l0- 15 n (sec-~) 
T 312 (keV) v Sec-0 

e 

0.13 

5.9 

2.74 

8.64 

mm 

X 10 4 

X 10 4 

X 10 4 

0.64 1.0 

1.8 X 10 4 5.9 

l. 3 X 10 4 1.9 

- 2* 

- 1 

3 X lo- 7* 

1.0 

X 10 3 1.8 X 10 3 

X 104 2.4 X 10 3 



I 
w 
00 
I 

r p 

Table 2. (continued) 

:-tissouri( 26 l Quebec ( 30, 32 l 

p e(ll'.m) 0. 0 36 0.084 

Rv 21J 0n (Te +Til 

B 
(mm) 0.15 2.0 

r 

Td (msec) .080 1.4 

TJ. (msec) .048 0.77 

TJ.(rnsec) 0.13 2.2 

T EJ. (rns ec) 

exp. meas. (msec) .09 ± .03 . 9 ± .1 

Kharkov Jupiter 1-A (3l) 

0.18 

9.0 

2.7 

2.0 

2.0 

1 ± • 5 

Jupi'::er l-M( 31 l 

0.15 

9.3 

7.6 

14.8 

7.6 

5 ± 2 



in Table l. TwO ?f the experiments measured energy confinement 

times, while the other two measured density decay ·times. The den-

sity decay times are ~herefore compared with the cross-field par-

ticle confinement time T~ = Tt + Td. 

The plasma potential relative to grounded anodes was mea-

sured by the time of flight of a pulsed heavy ion beam injected 

through the pl~sma along magnetic field lines. 13 Data from this 

measurement are shown in Fig. 12. Initially a virtual cathode 

is formed (¢ - 0). Then, as plasma ions from ionization of neu­e 

tral gas accumulate, ·the potential rises up to its equilibrium 

value, where it stays for the duration of electron beam injection 

(20 msec). After the end of injection, the p~asma potential shifts 

to a new equilibrium value (because I goes to zero in Eq. 27), and 

then finally returns to ground potential when the plasma is lost. 

-6 -5 These data were taken at 10 Torr. At 10 Torr, the potential 

well washes out after about a millisecond probably because cold, 

trapped electrons trigger the diocotron instability (reducing T~ 

in Eq. 27). Experimental values of plasma potential are fairly 

. t . h h . l d. . 34 cons1s ent w1t t eoret1ca pre 1ct1ons. 

Experimental observations of diocotron oscillations in 

the line cusp indicate the following: (l) The frequency of the 

oscillations is proportional to applied'voltage and inversely pro-

portional to magnetic field strength, in accordance with theoreti­

cal expectations. 20
' 

35 · .(2) The growth rate of the instability 

is proportional to neutral gas pressure, and thus to the density 

of cold electrons produced by ionization, as expected. ( 3) By 
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Fig. 12. Plasma potential as a function of time 

(Ref. 13 ) . 
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segmenting the ring cusp cathode, the relative ion currents as a 

function of azimuthal angle have been measured. These measurements 

indicate that the long-wavelength instability has a mode number 

m = 1 or 2 (the number of wave periods of the wave around the. 

circumference of the ring) . Higher mode numbers (shorter wave-

lengths) are apparently more stable. The theoretical and experi-

mental aspects of diocotron instabilities in electromagnetic traps 

are summarized in Ref. (20). No other microinstabilities have been 

observed during plasma observation periods of about 10 T ee 

Both electron and ion energy spectra have been measured 

with gridded electrostatic energy analyzers mounted in point cusps. 

The electron energy distribution resemb~es a Gaussian distribution 

centered at an. energy between the cathode and plasma potentials. 13 

The ion energy spectra were measured w·ith a drift mass 

spectrometer combined with an electrostatic ion-energy analyzer. 

A plot of the ion energy distribution for ¢A= 2.5 kV is shown 

in Fig. 13~ The distribution appears to have two Maxwellian com-

ponents. The higher-temperature component is believed to.be caused 

by the initial formation of the potential well. The average energy 

of all the ions increases linearly with applied voltage, as shown 

in Fig. 14, with a slope W. ~ 0.18 ¢A. l . 
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Fig. 13. Measured· ion energy.spectrum, for the case in 

which ¢A= 2.5 kV. (Ref. 13) 
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Fig. 14. Variation of mean ion energy .with applied 

voltage (Ref. 13 ) . 
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REACTOR CONCEPTS 

Various cusp geometries suitable for electrostatic plugging 

are illustrated in Figs. 15 and 16. Mirror geometries, such as a 

Yin-Yang field, are also suitable for electrostatic plugging, but 

the plasma volume between the anode-bounded flux surfaces is much 

smaller than for cusp systems, and therefo~e probably less economi­

cal. 

A Soviet fusion reactor concept, based on a spherical multi­

pole cusp, is shown in Fig. 17. The sphere has the best surface­

to-volume ratio, and the.spherical electrode arrangement might 

provide some spherical focussing of charged particles. If effec­

tive, such focussing would increase the central plasma density 

and decrease the required magnetic field' in the cusps. However, 

electron-electron scattering might tend t6 nul~ify the effects 

of focussing. A reactor design involves an electrostatically­

plugged toroidal hexapole cusp, as illustrated in Fig. 18. The 

variations of. the reactor Q = (fusion power) I (injection power) 

with applied voltage and magnetic field are.shown in Figs. 20 (a,b) 

for the case in which the plasma is sustained solely by electrons 

from the cathodes. These were calculated using global particle 

and energy balance equations like Eqs. (26)-(29) with added terms 

for fusion reactions and impurity effects. These curves are specu­

lative, in view of the uncertainties in the underlying theory. 

Some representative. parameters of this reactor design are 

listed in Table 3. Two power flow diagrams for this reactor are 

shown in Fig. 21, assuming ·that the startup takes 10 sec, fusion 
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cusp~ . 
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~~~~~\eld 
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Field coils 

(b) Toroidal set of ring cusps 

N = 6 cusps 

(d) Toroidal multipole cusp 

Fig. 15. Some magnetic cusp geome.tries sui table for 

electrostatic plugging. ·(From Ref. 21 ) . 
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intake 
working gas 

to load 

Fig. 17. A spherical electrostatically-plugged cusp 
fusion reactor scheme. 

{1) plasma region 
{2) current-carrying conductors (coils) 
{3) Magnetic surfaces 
{4) wall 
{5) plugging electrodes (cathodes) 
{6) chamber wall 

{from Ref. 36) 
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Fig. 18. A large toroidal multipole cusp with N = 6 cusps. 

(Ref. 21 ) . Dimensions are in meters. 
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cathode 

Figure 19a. A small plasma produced by multipoles with N = 4 cusps. 

Here rp is the radius to which the plasma excludes the 
magnetic field. 
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Figure 19b. Same as Fig. 20a, but with N = 6 cusps, 

hence larger r . p 
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1 \ cathode · 

Figure 19c. Same as Fig. 20a, but with N = 8 cusps, 
and larger r . p 
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Cathode voltage, ~A - kV · 

Fig. 20a.variation of power gain ratio Q, ion density 

ni' and ion temperature Ti with applied voltage A' 

for the case N = 6 cusps (toroidal multipole), B = 8 T, 

I = 1.0 A/m3 electron beam injection current, and 

a 1 % aluminum impurity. (Ref. 21 
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Fig. 20b. Variation of power gain ratio Q, n., and T. 
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with magnetic field B, fo.r ¢ = 300 kV and other 
A 

paramaters the same as the previous Figure. (Ref. 21 ) . 
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burn lasts 75 sec, and flushing takes 15 sec. bne case is for a 

blanket without· beryllium as a neutron multiplier (M. = 1.2) 

and the other cases for· a blanket containing beryllium (M = 1.68). 

(M is the thermal energy deposited in the blanket per neutron inci­

dent, divided by 14.1 MeV.) The direct capital costs estimated 

for this reactor are compared with cost estimates for mirror 

and Tokamak reactors in Table 4. 

Preventing high voltage breakdown is a major problem of 

electrostatically-plugged fusion devices. One way to avoid break­

down is by using radiation collimators to minimize the radiation 

incident on the cathodes and to use graduation of the electrostatic 

potential, as in accelerator design. These techniques are illus­

trated in Fig. 22. Another major reactor problem is slowing the 

rate of impurity buildup, which will probably limit fusion burn 

to about 50-100 sec. 

From a physics standpoint, a spherical reactor~ such as 

that of Fig. 17,· might provide better plasma parameters than the 

toroidal multipole of Fig. 18i and from an engineering standpoint, 

a linear cusp, such a$ that of Fig. 16, would be cheaper to build 

and maintain. At present, it appears that point cusps can be at 

least partially plugged, so that such reactor designs are viable, 

but the physics of the point cusp plugging is not clearly understood 

yet. 
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Table 3. ·Electrostatically-plugged Toroidal Multipole 

Cusp Reactor Parameters (Refs. 21, 37) 

Coil Configuration 

Toroidal multipole cusp with N = 6 cusps 

Magnetic field in cusp B = 8 T 

Total coil current x length = 2.3 x 1010 Affi 

Coil support ~tructure: cryogenic steel 
trusses supported by fiberglass 
compression columns and room tern- · 
perature steel hoops 

Structural steel mass 

Vacuum Chamber 

Major radius 

Minor radius 

Blanket and shield thickness (assumed) 

Neutron wall loading 

First wall: not designed 

R 

a 

= 6 X 10 6 kg 

= 10 m 

= 3.6 m 

= 1.5 m 

1.6 MW/m 2 = 

Deuterium-tritium neutral gas feed rate 21 r 0 = 2.4 x 10 atomsjs 

Electrodes 

Applied voltage 

Cathode current 

Plasma Parameters 

Nominal major radius 

Nominal minor radius 

Nominal plasma volume 

Assumed impurity 

Electron density 
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cf>A = 300 kV 

I = ·1. 78 ·kA 

R = 9.5 m p 

r = 2.8 m p 

v 1470 3 = m 

1% aluminum ( zeff 

n = 1.0 X 1020 -3 m e 

= 2. 4) 



Table 3 Continued 

Fuel ion density 

Electron temperature 

Ion temperature 

Electron potential barrier 

Ion potential barrier 

Potential sag in anodes 

Fusion power density 

Average electron Larmer radius in cusp 

Characteristic width of peak of electron 
density distribution in anodes 
(assumed) 

Boundary layer thickness 

Debye length in cusp gap 
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Fig. 21. Power flow diagrams for·cusp reactor 

Power flows are in MW. (Ref. 37) 
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Table 4. ·Comparison. of estimated direct capital 

C6sts of various fusion reactors, $/kWe. 

(Ref. 37) 

cusp reactor 

tandem mirror reactor 

field reversed mirror reactor 

UWMAK-III Tokamak reactor 
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( from Ref . 21) 
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SUULARITY OT OTHER PLASHA CONFINEMENT CONCEPTS 

In addition to being similar to electrostatic plasma con-

finement, as discussed previously, electrostatically plugged cusps 

(EPC) are similar in some ways to Tandem Mirrors, to Tarmac, and 

to SURMAC. 

Tandem Mirrors 

Fig. 23 shows the axial variations of magnetic field, elec-

tron density, and electrostatic potential for a Tandem Mirror plasma 

confinement system. Intense neutral beam injection in the end 

"plug" cells (possibly augmented by rf heating) creates a very-

high-density plasma therei and leakage from the end cells creates 

a plasma with· a lower density in the low-field solenoid (central 

cell) . The electrostatic potential follows the electron density 

via the Boltzmann relation 

cp ( z) = (30) 

so electrostatic potential hills with height ¢. = 
1 

are formed by the end plug plasmas. 

The potential variation along the magnetic field lines 

is identical to the potential variation for EPC (Fig. 4 ) , and ion 

loss parallel to the magnetic field is impeded by the potential 

barrier ¢ .. As with electrostatic plugging, the electrons are 
1 

confined in the parallel direction by the electrostatic potential 

barrier cpe, and in the perpendicular direction by the magnetic 

field. 
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Fig. 23. Axial variations of magnetic field, electron density, 

and electrostatic potential for the Tandem Mirror plasma confinement 

system (Ref. 38 ) . The profiles of potential and density have 

similar shapes. 
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The main difference between plasma confinement mechanisms 

in Tandem Mirrors and EPC is that the plasma in Tandem Mirrors 

is positive relative to the walls, while the plasma in electro­

statically plugged cusps is negative relative to the bounding 

flux surface. This means that ion confinement in the perpendicular 

direction is magnetic in Tandem Mirrors and electrostatic in EPC~ 

Consequently, fusion product aplhas are poorly confined in EPC 

and fairly well confined in Tandem Mirrors. 

Both devices confine impurities well parallel to the mag­

netic field, but the Tandem Mirror offers the possibility of ex­

pelling impurities via radial diffusion across the magnetic field. 

Technologically, Tandem Mirrors require high-efficiency 

neutral beams at high voJtages ( - 1 MeV), which have not been 

attained; and EPC require high-voltage electrodes ( - 300 kV) with 

close electrode dimensional tolerances. 

Tarmac 

The name "Tarmac" stands for "Toroidal Magnetic Cusp." 

By combining a toroidal cusp magnetic field with a toroidal mag­

nP-tic field, a plasma confinement geometry is obtained which has 

closed magnetic flux surfaces on the inside and open field lines 

on the outside. If a toroidal magnetic field were added to the 

toroidal cusp of Fig. 15(d), for example, a Tarmac configuration 

would result. An alternative "bi-cusp" Tarmac is illustrated in 

Fig. 24. 

Favorable magnetic field gradients and curvature prevent 

MHD instabilities. The plasma loss from the central region consists 

-62-



! 

v 
-·. 

Fig. :l4- The toroidal "bi-cusp" design of 'l'Ol{Iv".LA.C IV . 

Th e plasma is confined by the combination of the cusp 

field Be' the toroidal field Bt' and the self-magnetic 

field of the plasma current Ip. (From Ref . 39 ) . 
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of two processes in series: diffusion from the central toroidal 

region into the boundary sheath, followed by mirror-like loss 

along the open field lines of .the sheath region. The rate at which 

plasma is lost to the walls is 

nV/T - d(nV)/dt 

where T is the "confinement 

~ n v /T .. = n So/T .. s s ll s . ll 

time," n and n are the s 

(31) 

plasma densi-

ties in the central region and in the . sheath, v and v are the val-s 

umes of the central region and sheath, s is the surface area of the 

' plasma, 0 is the sheath thickness,· and T .. is the ion-ion scat-
ll 

tering time, which is the effective confinement time for mirror-

trapped particles in the sheath. For a cylinder, V/S = r /2. 
p 

If the sheath. thickness o ~ 2p. (the ion Larmor radius), and if 
l 

n ~ n, then the confinement time is s 

where r is in meters, B is the external confiriing magnetic field 
,P 

(T), T. is the ion temperature (keV), B is the ratio of plasma 
l . . 

( 2/2 ) 17 -4 . -1 -1 pressure to B ~O , and c1 ~ 4.5 x 10 m sec T keV (in-

cluding additional correction factors) . 39 Thus, for a typical 

B - 0.7, 

nT ~ 4 X i o. 1 7 r B' T ' . p l 
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( 33) 



If T. were replaced by T , this equation would be almost identi-
1 e 

cal to Eq. (20) for EPC. 

The similarity of the nT scalings for Tarmac and EPC 

is a consequence· of the fact that both devices have a large-volume 

central plasma surrounded by a thin surface ltiss region, in which 

the· loss rate is a function of the number of gyroradii comprising 

the sheath thickness. For Tarmac, the losses are primarily mirror 

losses along magnetic field lines to the walls at the ion-ion 

scattering rate; while for EPC the loss is eiectron diffusion to 

-the walls via momentum-transfer collisions. 

Thus, Tarmac and EPC have similar magnetic field geometry 

and confinement time scaling. On the other hand, Tarmac docs not 

employ electrostatic confinement of ions; this is a major differ-

ence between the two concepts. 

Technologically, EPC require high voltage electrodes with 

close tolerances, while Tarmac requires an added toroidal magnetic 

field. Alpha particle confinement could be enhanced to obtain 

ignition in EPC by adding such a toroidal magnetic field, at the 

expense of the added complexity. 
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SURMAC 

The name "SURMAC" stands for "Surface Magnetic Confine­

ment." The SURMAC concept involves surrounding a large-volume, 

field-free plasma with bumpy magnetic multipole walls. One con­

figuration is illustrated in Fig. 25. This sketch can represent 

either a long cylinder or a cross section of a torus. If it is 

a long cylinder, the conductors must be squeezed together at the 

ends and some form of end-plugging employed (such as electrostatic 

stoppering) . The central plasma region is field-free and uniform, 

and the magnetic walls shown in the figure provide confinement 

with good stability against MHD instabilities and microinstabili­

ties, due to favorable magnetic field gradients. 

SURMAC configurations are similar to EPC in that both 

schemes employ some form of high-order multipqle field, with a 

large-volume, field-free plasma surrounded by some sort of mag­

netic walls having favorable magnetic field gradients. Both have 

reflection of free electrons by magnetic walls. 

SURMAC configurations differ from EPC in that the inner 

row of SURMAC conductors is completely surrounded by plasma, whereas 

for EPC the plugging electrodes prevent the plasma from going around 

behind the coils. Thus, EPC have easy access to.the coils for 

supply of power, shielding, and coolant; while the inner multi~ole 

connuctors of SURMAC must be suspended either from the ends (of 

an open-ended device) or by some type of magnetically-shielded 

support wires (in the case of toroidal SURMAC). Support, shield­

ing, and cooling of the inner row of conductors are major techno-
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Fig. 25. One type of SURMAC confinement field. This configuration 

consists of an inner row of conductors with currents in one direc-

tion (such as out of the paper) surrounded by an outer row of con-

ductors with currents in the opposite direction (into the paper). 

This sketch represents the cross section of a long cylinder or torus. 

(From Ref. 40). 
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logical problems. Open-ended SURMAC configurations need some form 

of end-plugging, which could be provided by electrostatic plugs. 

Another difference is the thicker plasma in SURMAC between 

the conductors. The plasma thickness varies from hybrid gyroradii 

to ion gyroradii, in contrast to the boundary layers of EPC, which 

are several electron Larmer radii thick. 
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SUMMARY 

Electrostatically plugged cusps offer the following good 

features: 

(1) Plasma in EPC is MHO stable, due to favorable magnetic 

field g~adients. 

(2) Plasma in present experiments is stable to long-wave length 

diocotrori modes, due to wall stabilization. Density buildup to the 

limit imposed by the short-wavelength diocotron mode is observed. 

The density scales proportional to B2 , which gives densities ade­

quate for a reactor at B = 7-T. No other microinstabilities, 

such as two-stream or drift waves, have been observed, during 

observation periods lasting many electron-electron scattering 

times. 

(3) Ion temperature is roughly 5-10% of applied voltage. 

(4) According to our present concepts .of how .EPC work, 

it appears that good values of nT (Eq. 20) and· Q can be ob-

tained with reasonable values of applied voltage and magnetic field. 

(However, very little enhancement of transport rates in the boundary 

layer can be tolerated.) Further experiments are needed to test 

these concepts. 

(5) Since most of the plasma is in a field-free region, 

and since the electron temperature is not high, cyclotron radia­

tion will be negligible. 

(6) Fueling is easy. 

(7) A linear reactor with simple geometry is probably 

feasible (Fig. 16). 
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(8) Economics estimates for a more complex toroidal multi-

pole EPC reactor design indicate that its direct capital costs 

are comparable to those of other fusion reactor designs (UWMAK III, 

Tandem Mirror Reactor) . 

The following uncertainties exist with regard to EPC: 

(1) The theory of the equilibrium boundary layer configura-

tion and transport rates needs to be developed. 

(2) A detailed treatment of plasma stability in the boundary 

layer needs to be developed. (Stability of the central large-

volume plasma is assured by its being homogeneous and free of 

electric or magnetic fields). 

(3) Uncertainties of plasma parameter variations need 

to be _resolved by comprehensive diagnostic measurements, especially 

1n the boundary layer, at higher values of 

the reactor regime. 

T /T , approaching 
Ee ee 

(4) Technological uncertainties of electrode alignment, 

voltage holding, and impurity buildup rates need to be decided 

by experimental research. 

ln conclusion, electrostatically plugged cusp experiments 

have produced interesting plasma parameters, in some cases better 

than expected, but much more research is needed before we will be 

able to say that we understand what is going on. 
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