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OPTIMIZATION OF CONFINEMENT IN A TOROIDAL PLASMA SUBJECT

TO STRONG RADIAL ELECTRIC FIELDS

by J. Reece Roth

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

ABSTRACT

M

The toroidal ring of plasma contained in the NASA Lewis Bumpy Torus fa-

w	 cility may be biased to positive or negative potentials approaching 50 kilovolts
by applying DC voltages of the respective polarity to 12 or fewer midplane
electrode rings. 	 The radial electric fields, which are responsible for raising a
the ions to high energies by ExB/B 2 drift, then point out of or into the plasma.
This paper is a preliminary report on the identification and optimization of in- q

dependent variables which affect the ion density and confinement time in the
NASA Lewis Bumpy Torus plasma. 	 The independent variables include the po-
larity, position, and number of the midplane electrode rings, the method of
gas injection, and the polarity and strength of a weak vertical magnetic field. a

Some characteristic data taken under conditions when most of the independent
variables were optimized are presented.	 The highest value of the electron
number density on the plasma axis is 3.2x1022/ cc, the highest ion heating
efficiency is 97 percent, and the longest particle conta:.:i.ient time is 2.0 mil- rd
liseconds.

i'	 INTRODUCTION
d

Pure magnetic containment, in which a plasma is confined solely by strong
magnetic fields, has been the dominant approach since the beginning of con-
trolled fusion research. 	 Externally applied electric fields have not thus far
played a rc'e in toroidal plasma confinement.	 An experiment to electrostati-
cally confine oscillating ions to a small volume was reported by Hirsch (ref. 1).
Several investigators have applied strong electric fields to a plasma in cusp
refs. 2 and 3	 or mirror refs. 4 and 5('	 )	 (	 ) magnetic geometries to enhance plasma
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confinement. Theoretical papers by Kovrizhnykh (refs. 6 and 7) and Stix (refs.
8 and 9) have examined the confinement implications of ambipolar electric
fields in toroidal geometries. There does not appear to be relevant literature
on the subject of imposed, non-ambipolar electric fields in toroidal geometries.

The steady-state plasma in the NASA Lewis Bumpy Torus Facility is
generated by a modified Penning discharge operated in conjunction with the
Bumpy Torus magnetic field geometry. The NASA Lewis Bumpy Torus Exper-
iment possesses four distinguishing characteristics:

1. The plasma, magnetic field, and ion heating mechanism are operated in
the steady state.

2. The ion kinetic temperature is typically a factor of 10 to 100 higher than
the electron temperature.

3. The plasma is acted on by a combination of strong DC magnetic and
electric fields.

4. The necessary fusion technology is being developed in parallel with the
physics, particularly, superconducting magnet technology and cryogenic and
high voltage techniques.

The Bumpy Torus magnet facility is described in detail elsewhere (refs.
10 an,d 11) and consists of 12 superconducting coils equally spaced around a
toroidal volume 1.52 meters in major diameter. An isometric cutaway draw-
ing of the Bumpy Torus plasma is shown in figure 1. Each coil has a minor
diameter of 19 centimeters, and the maximum designed magnetic field on the
magnetic axis is 3. 0 tesla. The minimum magnetic field on the magnetic axis
between coils is 40 percent of the maximum magnetic field. The coil array is
located in a single vacuum tfwk 2.6 meters in major diameter.

Previous investigatigns (refs. 12 to 17) have shown that, in common with
Penning discharges and magnetron-like devices, the plasma forms rotating
spokes which gyrate around the minor circumference of the plasma with veloci-
ties comparable to the E/B drift velocity; and the ions of these rotating spokes
then form an energy reservoir which is thermalized to the high kinetic temper-
atures observed. The presence of strong radial electric fields acting on the
plasma, which usually exceed values of 1 kilovolt per centimeter, not only is
responsible for raising the ions to energies on the order of kilovolts, but also
affects the containment of the plasma. It was shown (refs. 16 and 17) that the
plasma number density and confinement time can increase more than an order
of magnitude if the electric field acting along the minor radius of the toroidal
plasma points inward, relative to the values observed when it points (and pushes
ions) radially outward.
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This paper is a preliminary report on the identification and optimization
of 12 independent variables which affect the ion density and containment time
in the NASA Lewis Bumpy Torus plasma. Their influence on the plasma
properties is discussed. Complete information about the optimum values and
functional dependence of all 12 independent variable is not yet available. Some
characteristic data taken under conditions when most of the independent varia-
bles were optimized are presented. These include the highest plasma number
density, the highest ion heating efficiency, and the longest particle containment
time observed so far in this experiment.

INFLUENCE Or INDEPENDENT VARIABLES ON

PLASMA CHARACTERISTICS

The NASA Lewis Bumpy Torus experiment appears to be the first instance
in which a strong radial electric field is deliberately imposed on a toroidal
plasma. The uniqueness of this approach and the absence of prior literature has
made it necessary to undertake a systematic program to identify the independent
variables which influence the plasma characteristics of interest. The dependent
variables include ion kinetic temperature, number density, and containment time,
as well as the electrode current drawn by the power supply. The current status
of this research program is summarized in table I. The 12 independent varia-
bles which have been found to influence the plasma characteristics are listed on
the left. Whether they have a strong, weals, or no influence on the plasma char-
acteristics is indicated in the respective coluu:ins. In some cases, the influence
of an independent variable has not yet been systematically measured or its func-
tional dependence clarified, and in these cases a question mark has been entered
in the table. The entries in table I are a gross oversimplification of a situation
which is often complex, but they do indicate the relative importance of the in-
dependent variables on particular plasma characteristics. The dependences
listed in the bottom six rows of table I are entered on the assumption that the
other independent variables are at or near their optimum values, in terms of
obtaining the highest possible plasma temperatures, number densities, and
containment times. The influence of the first six independent variables listed
in table I have been covered in part in previous publications (refs. 12 to 18).
These previous data were often taken under conditions that were far from op-
timized, and some of them have now been extended with new data taken under
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conditions in which more of the independent variables listed on table I have
been adjusted to their optimum values.	 The effects of the last six independent
variables on table I have not been previously reported, and additional work re-
mains to be done in separating out their interrelations and in the determination
of their optimum values.

An empirical correlation incorporating the first five independent variables
listed on table I was obtained in reference 18 and yielded the scaling laws stated
in equations (1) to (3). y

Ip = D1 VA N 1. 50B0. 2 amps	 (1)
ax

Ti = C2 VA 70
B0. 3 ev	 (2)

no = C3 VA lO p0o .40/cm3	 (3) 9

These scaling laws held over one order of magnitude in the ion tempera-
ture, three orders of magnitude in plasma current, and three orders of magni-
tude in the electron number density. 	 These scaling laws did not exhibit a knee
or other asymptotic phenomena up to the upper limit of their range.	 In this

x+

i	 correlation study, it was found that the constants which multiply these scaling
laws depended on the mode of plasma operation and the polarity of the midplane
electrode rings, as follows.

3fi
r-4 

A 
/(µT)1.5(kV)1.1(T)0.25.8x10 3	 HPM	 +

D1 =	 1. 5x10 4 A/ (p T)1.5(kV)1.1(T)0.25	 LPM	 +

13x10	 A/(IAT)1.5(kV)1.1(T)0.25 	 Both	 -

C2 =	 160 eV/(kV) 0.70 (T) 0.3 	Both	 Both
`
F

I ^^
P. 2x10 8	+ 3

C3	 cm 3/(kV)1.1(µT)0.40	 Both
fi^5. 5x108	_

R
fii
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These scaling laws were obtained when there were midplane electrode rings
in all 12 sectors, and also under conditions for which the last six independent
variables in table I were not optimized.

From equation (1) it is evident that the electrode current is a strong func-
tion of the electrode voltage and the neutral gas pressure, and only weakly de-
pendent on the magnetic field. The constant D 1 which multiplied equation (1)
depends both on the mode of operation and the polarity of the midplane electrode
rings. From equation (2) it is evident that the ion kinetic temperature has a
strong dependence on electrode voltage, a weak dependence on magnetic field
strength, and does not depend on the background neutral gas pressure. The con-
stant C2 multiplying equation (2) is independent of the mode of operation and
the polarity of the electrode rings, and the ion kinetic temperature therefore
does not depend on these independent variables. The scaling law of equation (3)
for the electron number density has a strong dependence on electrode voltage,
a weak dependence on neutral gas pressure, and no dependence on the magnetic
field strength. Subsequent measurements under more nearly optimized condi-
tions indicate that the plasma number density does have a weal: dependence on
the magnetic field strength. The constant C 3 which multiplies the scaling law
for electron number density depends on the polarity of the electrode rings.
Subsequent measurements made under optimized conditions have shown that the
plasma number density has a strong dependence on the mode of plasma operation.

In reference 18 a scaling law was not explicitly obtained for the particle
confinement time. Li references 10 and 17 it has been shown that the particle
containment time may be calculated from the average particle number density
and the total electrode current according to the following expression:

n eV
T = e P
p	 I

p

If one substitutes equation (1) for the electrode current and equation (3) for the
electron number density equation equation (4), the predicted functional depen-
dence of the particle confinement time is equal to:

z = e—L 3	 1	 D2	 (5)
P	 D	 1.10 0.25	 1.10 0.25

	

1 po B	 Bmax iro	 or ax
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where the constant D2 depends on both the mode of operation and the polarity
of the electrode rings. Equation (5) predicts that the particle confinement time
is a strong function of the background neutral gas pressure, a weak function of
magnetic field strength, and is independent of the electrode voltage. There is
a strong dependence of the constant D2 on the mode of operation and the polar-
ity of the midplane electrode rings. These functional dependences are consis-
tent with data described later in this report, although it has been found that the
particle confinement time is independent of electrode voltage only when the
radial and vertical alignment of the electrode rings are near the optimum value.

The effect of varying the number and configuration of the midplane else-
trode rings was examined in reference 16, aid in subsequent unpublished re-
search. It was found that if all other independent variables remain the same,
the ion kinetic temperature is only weakly dependent on the number of mid-
plane electrode rings, the total electrode current increases as th. numbe° of
midplane electrode rings is decreased, and the plasma number density and'con-
finement time increase as the number of electrode rings is reduced.

Electrode Rung Alignment

On figure 2 is shown a schematic drawing of the electric field surrounding
the Bumpy Torus plasma when the electrode rings bias the entire toroidal ring
of plasma to high negative potentials. The electric field is strongest between
the grounded magnet dewars and the plasma itself. It is this radial electric
field which raises the ions to high E/B drift velocities, and is responsible for
heating the plasma. When the electric field points inward, the density and con-
tainment times are approximately a factor of 10 larger than they are when the
electrode rings are positive with the electric field pointing away from the plasma
(refs. 41 and 15). A similar effect is apparent in the data presented un this
report.

It has been found that precise alignment of the plasma, along the major
radius of the torus and in the vertical direction, has an extremely important
effect on containment. This sensitivity to alignment exists for reasons which
are illustrated by figure 3. Figure 3 shows a plan view of the plasma and mag-
netic field lines in the equatorial plane of the torus, and the location of a typicel
midplane electrode ring. For positive polarities, the plasma tends to be con-
fined within magnetic field lines which intersect the Inside diameter of the elec-
trode ring. If the electrode rung is aligned with its center on the geometric

..: .. I _V
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center of the containment volume, the toroidicity of the plasma will result in a
stronger electric field on the inside radius of the plasma than will occur on
the outside radius as it passes through the grounded magnet dewars.

The ions and electrons drift azimuthally about the minor circumference of
the plasma as a result of the crossed electric and magnetic fields. When the
electric field along the minor radius of the plasma is azimuthally asymmetric,
the rotating particles will experience a net electric field, which points radially
inward for the case shown in figure 3. The situation depicted on figure 3 will
result in a drift of particles out of the plane of the paper to the upper surface of
the plasma volume. Under conditions illustrated in figure 3, it has been ob-
served in the laboratory that the plasma drifts to the top of the containment vol-
ume. As a result, the upper boundary of the plasma is more luminous and has
a sharper edge than the lower surface.

The net electric field along the major radius of the torus can be adjusted
by moving the electrode rings radially inward or outward. In the case shown in
figure 3, it is clear that if the electrode rings are moved radially outward,
away from the geometric center of the containment volume, there will exist a
position for which there will be no net radial electric field along the major ra-
dius of the torus, and the electric field drifts will then be minimized.

A similar situation exists if the electrode is vertically misaligned, above
or below the equatorial plane. If the center of the electrode ring is above the
equatorial plane, there will be a net electric field pointing vertically upward,
and the plasma will tend to drift outward along a major radius. These residual
electric field drifts are very damaging to plasma confinement, because they
cause equal rates of loss of both species of charge.

In order to assess the effect of vertical and radial misalignment on plasma
containment, two of the 12 midplane electrode rings, in sectors 5 and 6, were
outfitted with a movable support, which made it possible to move them over a
total distance of 9 centimeters along the major radius. At the same time, pro-
vision was made to adjust the same tno electrode rings vertically over a total
distance of 5 centimeters, in increments of 2. 5 millimeters. All data reported
below were taken in a deuterium plasma, with round electrode rings, with a
maximum magnetic field of 2. 4 tesla (1. 0 tesla at the midplane), and with only
electrodes 5 and 6 in place.

Oil 	 4 and 5 are shown plots of the number density and confinement
time, respectively, as functions of the position of electrodes 5 and 6 along the
major radius of the toroidal containment volume. The containment time was
calculated using equation (4) as derived in references 16 and 17. The solid
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symbols refer to the low pressure mode of operation, the open symbols to the
high pressure mode, and both electrode ring polarities are shown. The optimum
radial position is about 1'0 millimeters for the two modes of ope ration v: ith
positive electrode polarity and is about 93 millimeters for both modes with nega-
tive polarity. The optimum value for the negative polarity is displaced 37 millI-
meters further in toward the major axis of the torus than is the optimum value
for positive polarity. This apparently occurs because with positive polarities the
plasma fills the entire confinement volume defined by the electrode ring bound-
aries, but with negative polarities, the plasma cross section has a shape of the
letter D, characteristic of magnetic field dominated drift surfaces, with the flat
side on the inner major radius of the confinement volume. This flat innet side of
the plasma is somewhat further out along the major radius than is the boundary
of the plasma created with positive polarities, and moves along the major radius
in response to the value of the weals vertical magnetic field applied to the plasma.
On figures A(b) and 5(b), it is evident that the plasma with negative electrode po-
larity is extinguished if it is too far from its optimum radial alignment.

In figures 6 and 7 are plotted the number density and confinement time, re-
spectively, as functions of the vertical displacement above or below the equa-
torial plane. For these data, the radial positions were adjusted to the optimum
values appropriate to each polarity. For positive polarity, • the plasma confine-
ment is optimized when the centers of the electrode rings are aligned on the equa-
torial plane of the torus. For negative polarities, confinement is optimized when
the electrode rings are above the equatorial plane by an amount which depends on
the mode of operation. In the high pressure mode of operation with negative elec-
trode polarity, the plasma is extinguished if the vertical alignment to too far off
optimum.

Method of Neutral Gas Injection

In reference 16 it was shown that the current drawn by an individual electrode
ring will increase if a jet of neutral deuterium gas is injected locally in that sec-
tor. The base pressure of the Bumpy Torus facility is about 6x10 8 torr, and
the operating pressures, generally in the range of 0.9 to 10x10 5 tore, are
maintained by a constant flow of deuterium gas through the vacuum system. This
facility has been operated in the past by injecting the incoming deuterium gas
vertically upward along the major axis of the torus. This symmetric injection

^r
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of the neutral gas results in background neutral gas densities that are the same
in every sector.

The plasma is sustained by electron-neutral impact ionization of the back-
ground gas, but energetic ions also are charge-exchanged on the molecular deu-
terium gas and lost to the walls. At particle densities on the order of 10 1 /cubic
centimeters, the mean-free path of the neutral deuterium molecules becomes
comparable to the plasma diamete. , and the neutral density inside the contain-
ment volume can become substantially less than that of the background gas in the
rest of the vacuum tank. Under these conditions, it becomes possible to inject
neutral gas across a minor diameter of the confinement volume, or tangentially
to the confined volume, and thereby decouple the plasma number density from
the background neutral number density in the confinement volume outside this
neutral gas jet. Under such conditions, the majority of ionizations would occur
in the neutral gas jet, and a higher plasma density can be sustained with a lower
neutral number density in the remainder of the plasma. This would substann-
tial ly reduce the level of charge-exchanged energy losses in the confinement
volume.

To test the effects of the method of neutral gas injection, a comparison
was made in which the neutral gas was injected vertically upward along the
major axis of the tank, across the minor diameter of the containment volume,
and tangentially to the containment volume. The radial and tangential gas In-
jectors were located in sector 10, in which the microwave interferometer was
located. These are illustrated schematically oil 	 8. On figures 9 and 10
are shown plots of the ion number density and containment time for both elec-
trode polarities as functions of electrode voltage, for the high and low pressure
modes of operation, and for the three methods of injecting neutral gas. In vir-

	 1

tually all cases, the number density and containment times were greatest uvh'en
the neutral gas jet was injected tangentially to the containment volume, thus
allowing a maximum opportunity for the incoming neutral gas to interact with
the plasma.

Effects of Polarity and Strength of Vo r tical Magnetic Field

The vacuum tank of the NASA Lewis Bumpy Torus facility (shown in fig. 1)
has a major diameter of 2.0 meters, wound on the outside surface of this vac-
uum tank are two air-cooled copper coils which are symmetrically located 0.43 	
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meter above and below the equatorial plane of the confinement volume. These
coils can generate.a steady-state, weak vertical magnetic field up to 70 gauss
on the axis of the containment volume, the polarity of which can point either up-
ward or downward. The purpose of adding a weals vertical magnetic field is to
compensate for possible magnetic field errors of a kind discussed by Sprott
(ref. 19), and which can arise in this facility from the current loop formed in
the lower liquid helium manifold by series connection of the 12 superconducting
coils. In the experiment reported by Dandi, et al. (ref. 20) a weals vertical
magnetic field considerably improved the stability and confinement of the ELMO
Bumpy Torus plasma.

On figures 11 and 12 are shown the ion number density and containment time
plotted as functions of the vertical magnetic field. Negative values of the verti-
cal field point downward, and positive values point upward. The plasma number
density and confinement time are surprisingly sensitive to such a small force
acting on the plasma. For the negative electrode data on figure 11(b), increas-
ing the vertical magnetic field from zero to 16 gauss increases the confined den-
sity by a factor of four. The optimum vertical magnetic field seems not to de-
pend on the plasma number density or mode of operation; it is +5 gauss for posi-
tive polarities and +10 gauss for negative polarities. When the plasma densities
were above 1012/cubic centimeter, the optimum magnetic field for negative po-
h Aty decreased slightly to 13 gauss. Between 20 and 30 gauss, no plasma could
be generated with negative polarity, and only a weals background plasma existed
with positive polarity. The particle containment times shown in figures 12(a)
and (b) are not as sensitive as the density to the vertical magnetic field.

The physical mechanism responsible for this extreme sensitivity to the
vertical magnetic field is not clear. The 500 ampere current loop in the lower
liquid helium manifold creates a vertical magnetic field which points downwards,
but is only 3.2 gauss on the axis of the containment volume. Its magnitude is
apparently not great enough to account for the optimum vertical fields observed,
nor for the curious fact that a change of only Ggauss on figure 11(b) will change
from an optimum plasma density to no plasma at all.. Visual observation of the
plasma, by looking vertically downward from a glass viewport on the top of
the vacuum tank, showed that as the vertical magnetic field was varied from
zero to positive values, the plasma expanded inward along a major radius until
the plasma contacted the inner edges of the superconducting coil shields. After
this point, the plasma density decreased and finally quenched at about 25 gauss. i
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CHARACTERISTIC OPTIMIZED EXPERIMENTAL DATA

The apparatus was adjusted so that all of the independent variables investi-
gated to date were set at their optimum values. The average electron number
density (the maximum density on the axis is twice this) and the particle con-
tainment time are plotted as functions of the electrode current on figures 13(a)
and (b). Data are shown for hvo values of neutral gas pressure. These re-
sults are encouraging in that the density is proportional to electrode current,
and the confinement time is virtually constant. The density and the confinement
time are both higher for the higher neutral background gas pressure. The den-
sity is a very rapidly increasing function of electrode voltage in this mode of
operation (see fig. 9(b)).

CONCLUDING REMARKS

Obtaining the best possible performance from the electric field Bumpy
Torus has proven to be a complicated optimization procedure involving the
12 independent variables which are listed on table L The desirable trends for
most of these variables are now generally understood. The desirable conditions
listed in table I represent an optimum for some of the variables, but it cannot be
ruled out that additional local optima might exist tinder entirely different sets of
operating conditions. It may never be possible to guarantee that the conditions
listed in the last colunm of table I are also a global optimum for the operation
of the electric field Bumpy Torus. The question marks listed in table I repro-
sent functional dependences which have not as yet been examined in enough detail
to report in this preliminary paper.

Future work will require investigation of the remaining independent varia-
bles and obtaining definitive scaling laws for the behavior of the fusion-related
dependent variables as functions of the primary independent variables.
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CĈ
y0

c0

bD
.^

'00
O

U
O)
'U

0

m

6bD

'^

U
ii

bD

'O
O

U
U
U

m
ca

.-.
m
.0

c0

O
iy-i

'O

c^

ŷ'
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Figure 2. - Electric field structure in bumpy torus with negative midplane
electrodes.

Figure 1. - Isometric cutaway drawing of NASA Lewis bumpy-torus super-
conducting magnet facility.
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Figure 3. - Toroidicity of electric field.
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Figure 4. - Particle density as a function of radial alignment of electrode rings.
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