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CATHODE

157) ABSTRACT

A radial electric field of a desired magnitude and con-
figuration is created throughout a substantial portion of
the cross-section of the plasma of a tokamak. The radial
electric field is created by injection of a unidirectional
electron beam. The magnitude and configuration of the
radial electric field may be controlled by the strength of
the toroidal magnetic field of the tokamak.

4 Claims, 4 Drawing Sheets
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METHOD OF SUSTAINING A RADIAL ELECTRIC
FIELD AND POLOIDAL PLASMA ROTATION
OVER MOST OF THE CROSS-SECTION OF A

TOKAMAK

CONTRACTUAL ORIGIN OF THE INVENTION

The U.S. Government has rights in this invention
pursuant to Contract No. DE-AC02-76CH03073 be-

tween the U.S. Department of Energy and Princeton
University.

BACKGROUND OF THE INVENTION

The present invention relates generally to a method
for increasing energy confinement and controlling
transport in the plasma of a tokamak. More particularly,
the present invention relates to a method of creating and
sustaining a radial electric field throughout a substantial
portion of the cross-section of the plasma. The configu-
ration and magnitude of the radial electric field that

may be achieved is determined by the apparatus used to
create the radial electric field and plasma and by the
relationship of apparatus parameters to the resulting
radial electric field.

The apparatus for toroidal magnetic confinement that
is most popular in controlled fusion research today is
the tokamak device. To date, the experiments that have
been performed with tokamaks to create high tempera-
ture plasmas have been of short duration. The duration
and energy confinement of the tokamak plasma must be
increased to produce useful amounts of energy with this
device. A radial electric field within the plasma of a
tokamak has been experimentally shown to increase
energy confinement. Theoretical work has been the
basis of the proposition that radial electric fields can
reduce particle and energy loss from tokamak plasmas.
Experimental results reported by Oren et al, J. of Nu-
clear Materials 111 & 112, 34, (1982) demonstrated that
overall confinement time would increase by a factor of
10 when a radial electric field was created in the plasma
of a tokamak by a cold cathode or a tungsten filament.
Particle and energy confinement are known to be
closely related. The radial electric field that was created
in the plasma by this method was of significant magni-
- tude only at the extreme edges of the plasma. A problem
which arises from longer duration plasmas is the accu-
mulation of impurities and if fusion 1s occurring, fusion
waste products such as helium ash. Impurity accumula-

tion within the plasma was demonstrated by Oren et al.
when a negative potential was induced within the
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radial electric field, and energy confinement times im-
proved by 30%. -

Itoh and Itoh, Phys. Rev. Letters 60, 2276 (1988) and
Shaing et al., Comments Plasma Phys. Controlled Fu-
sion 12, 69 (1988) present theories which claim that
radial electric fields will influence the transport of parti-
cles in tokamak plasmas and will thus affect confine--
ment of both particles and energy. The method postu-
lated is that a resonant interaction between the magnetic

structure and particles of a particular velocity causes
rapid transport of those particles to the edge of the
plasma. The application of a radial electric field shifts
the resonant velocity from one that many particles pos-
sess to one shared by only a few. Hence, only a few
particles then participate in transport. In particular,
Shaing et al. suggest that producing a negative radial
electric field will reduce transport and improve confine-
ment.

An electric field in the plasma in the presence of a
magnetic field perpendicular to the electric field will
cause rotation of the plasma in the plane of the electric
field. A radial electric field in the plasma 1s perpendicu-
lar to the toroidal magnetic field, therefore a poloidal
rotation of the plasma will resuit from a radial electric
field. Poloidal plasma rotation can cause a change in
plasma transport and would preferentially affect
heavier ions which are generally impurities in a toka-
mak plasma. Poloidal plasma rotation may therefore
provide an additional method for impurity control.

Radial electric fields have been shown to produce
significant increases in confinement of the plasma of a
tokamak and to exert a significant influence on the pro-
duction of impurities. The methods and apparatus
which have been used to induce radial potential gradi-
ents and electric fields have been effective only at the
edge of the plasma. The ability to induce a radial elec-
tric field throughout a substantial area of the cross-sec-
tion of the plasma would provide a mechanism for addi-
tional control of radial transport and the potential for

40 further improvement in confinement and impurity con-
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plasma. The accumulation approached a constant value

as the radial electric field decreased.

Taylor et al. Phys. Rev. Letters. 42. 446 (1979) re-
ported that electron injection from a tungsten filament
would suppress impurity influx. The injection of cold
electrons was reported to reduce the sheath potential
and decelerate 1ons before they hit the wall reducing
impurity production at the wall. Control of the poten-
tial at the edge of the plasma was recognized as a mech-
anism for controlling production of impurities.

M. Ono et al., Phys. Rev. Letters 60, 294 (1988) re-
ported improvements in both energy and particle con-
finement times associated with radial electric fields
- produced by radiofrequency heating of a tokamak
plasma. The magnitude of internal turbulence was ob-
served to be greatly reduced in the presence of the
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trols in tokamaks.
Therefore, in view of the above, it is an object of the

present invention to provide a method for creating and
maintaining a radial electric field throughout a substan-
tial cross-section of the plasma of a tokamak. It is an-
other object of the present invention to provide a
method for creating and maintaining a radial electric
field of a desired configuration and magnitude.

Additional objects, advantages and novel features of
the invention will be set forth in part in the description
which follows and in part will become apparent to those
skilled in the art upon examination of the following or
may be learned from practice of the invention. The
objects and advantages of the invention may be realized
and attained by means of the instrumentalities and com-
binations particularly pointed out in the appended
claims.

SUMMARY OF THE INVENTION

To achieve the foregoing and other objects in accor-
dance with the purposes of the present invention, as
embodied and broadly described herein, the method of
this inveniion comprises providing a cathode for emait-
ting an unidirectional electron beam and anodes within
the vacuum vessel of a tokamak, determining the toroi-
dal magnetic field strength necessary to achieve poten-
tial profile and magnitude that 1s desired to be main-
tained within the plasma, applying a toroidal magnetic



H757

3

field of the determined field strength, applying a verti-
cal magnetic field sufficient to cause an electron emitted
from the cathode to miss the cathode after traversing
one circuit of the tokamak, creating a plasma within the
tokamak, and injecting a beam of electrons from the
cathode. The plasma may be formed and plasma current
driven by the injected beam of electrons.

The apparatus which may be used to practice this
method determines the relationship between toroidal
magnetic field strength and potential and radial electric
field for a given plasma current and cathode voltage.
Umnidirectional electron beam injection causing a helical
current near the boundary of the tokamak plasma re-
sults 1n a radial electric field over most of the plasma
cross-section. The relationship between magnetic toroi-
dal field strength and potential and radial electric field
that may be used to create a desired radial electric field
may be determined by experimental measurement.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorpo-
rated in and form a part of the specification, illustrate an
embodiment of the present invention and together with
the description, serve to explain the principles of the
invention. In the drawings:

FIG. 1 illustrates the upward path of the unidirec-
tional electron beam.

FIG. 2 illustrates a poloidal cross section of a toka-
mak during operation of the present invention.

FIG. 3 illustrates the relationship between toroidal
magnetic field strength and the plasma potential distri-
bution within the plasma of FIG. 2 for a 660 amp plasma
current.

FIG. 4 illustrates the calculated poloidal rotation
velocity of the plasma due to the radial electric fields
and toroidal magnetic fields illustrated by FIG. 3.

DETAILED DESCRIPTION OF THE
INVENTION

To further understand the present invention, it should
be realized that the potential gradient that is created
within the plasma is the result of a unidirectional elec-
tron beam which circulates around the main plasma
along magnetic field lines. The preferred embodiment
of the invention utilizes the injected electron beam to
create and sustain the tokamak plasma configuration as
well as to create the radial electric field within the
plasma.

FIG. 1 illustrates the path of the unidirectional elec-
tron beam injected from a cathode, 1, in a toroidal di-
rection. The beam path, 3, follows an upward helical
path of radius approximately that of the major radius of
the tokamak. The path terminates at an anode, 5. Center
line, 7, is the center of the major radius of the tokamak.
A toroidal magnetic field within the tokamak creates
circular lines of magnetic force. A circular path would
allow a beam to traverse one circuit and then encounter
the cathode. In order to avoid the cathode, a vertical
magnetic field was imposed of strength 7-10 G near the
cathode. This strength was shown to be sufficient for an
electron beam injected at energy between 250 ev and
000 ev into a tokamak of major radius 59 cm and minor
radius of 10 cm with a toroidal magnetic field between
3.43 KG and 4.48 KG.

FI1G. 2 illustrates a poloidal cross-section of a toka-
mak during operation with an electron beam injection.
FIG. 2 illustrates the positions within the vacuum vessel
of the cathode, 1, top limiter, 19, side limiter, 21, di-
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verter coils, 17, and external vertical field coils, 25. The
cathode, 1, is positioned at one location in the vacuum
vessel. Several top and side limiters, 19 and 21, are
positioned around the major circumference of the vac-
uum vessel. Diverter coils, 17, and external vertical
field coils, 25, are continuous around the vacuum vessel
23 at the position illustrated by FIG. 2. The center line
of the major radius of the tokamak is located at the
distance equal to the major radius of the tokamak from
the center of vacuum vessel, 23, in the direction away
from side limiter 21. The cathode, 1, emits electron
beam 15. The cathode that is used for the preferred
embodiment of the invention comprises close fitting
cylindrical shells of lanthanum hexaboride on a carbon
rod. The carbon rod is heated by a large ac current and
the entire assembly is biased between —250 volts and
—600 volts with respect to the anodes. The magnetic
field that directs the beam vertically is produced by
diverter coils 17, and vertical field coils external to the
vacuum chamber, 25. The main plasma 11, carries
plasma current of 330 amps to 1000 amps. Top limiter,
19, and side limiter, 21, are anodes, and vacuum vessel,
23, is connected to the

FIG. 3 illustrates measured potential within the
plasma for a plasma current of 660 amps at various
toroidal magnetic field strengths. Curves 31, 33, 35,37
and 39 are for toroidal magnetic field strengths of 3.43
KG, 3.64 KG, 3.92 KG, 4.20 KG, and 4.48 KG respec-
tively. This figure illustrates that the unidirectional
electron beam injection creates a potential gradient and
consequently a radial electric field throughout a sub-
stantial cross section of the plasma, and that both the
magnitude of the potential and the potential gradient is
a function of the toroidal magnetic field strength.

The relationship between potential and potential gra-
dient and magnetic toroidal field strength illustrated by
FIG. 3 forms the basis for creation of a radial electric
field of a desired magnitude and distribution. Once the
relationship shown in FIG. 3 has been experimentally
determined for an apparatus and plasma current, a ra-
dial electric field of a desired magnitude can be created
by appropriate selection of toroidal magnitude field
strength.

FIG. 4 illustrates the poloidal rotation velocity calcu-
lated from the measured radial electric fields illustrated
by FIG. 3 and the associated magnetic field. The
straight line portion of the curve from —1.5cm to +4.5
cm indicates that plasma rotates approximately as a
rigid body through that region. This velocity field may
cause heavier ions to be preferentially forced to the
outer region of the plasma.

The embodiments of this invention in which an exclu-
sive property or privilege is claimed are defined as
follows:

1. A method for creating and sustaining a radial elec-
tric field and a selected maximum potential over a sub-
stantial area of a plasma of a tokamak comprising:

(a) providing a cathode within the tokamak which is
capable of emitting a unidirectional beam of elec-
trons;

(b) providing at least one or more anodes within the
tokamak vacuum vessel that is positioned away
from the cathode and adjacent to the region of
plasma formation so that an electron emitted from
the cathode will travel through or around the
plasma before contacting an anode;
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(c) determining a toroidal field strength that will

cause the selected maximum potential within the

tokamak;
(d) applying a toroidal magnetic field of the deter-
mined field strength; :
(e) applying a vertical magnetic field within the toka-

6

(g) injecting a umdirectional beam of electrons from
the cathode. |
2. The method of claim 1 wherein the vertical mag-

netic field is of strength of about 7-10 G near the cath-

5 ode and is created by diverter coils positioned near the

mak vacuum vessel so that the magnetic field near

the cathode will cause an electron emitted from the
cathode to miss the cathode after traversing one
circuit of the tokamak:

(f) creating a plasma within the tokamak vacuum
vessel; and

cathode and remote vertical field coils.

3. The method of claim 2 wherein the cathode that 1s

provided is lanthanum hexaboride.

4. The method of claim 1 wherein the beam of elec-

10 trons emitted from the cathode maintains the toroidal
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current in the tokamak.
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