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ABSTRACT OF THE DESCLOSUIRE 
A method and apparatus for injecting plasma into 

a confining magnetic field is provided with which the 
confining field is eliminated adjacent the entry point dur 
ing the time while the plasma is injected and is rein 
forced adjacent the entry point at other times. The plasma 
may also be guided to the entry point using one form of 
the method and apparatus, 

This invention relates generally to methods of and 
apparatus for manipulating plasma and, more specifi 
cally, to an improved device with which a plasma may 
be injected into plasma confining magnetic fields and an 
improved method of injecting plasma into such fields. 

In recent years methods and apparatus have been de 
veloped for producing, manipulating and confining electri 
cal plasmas, which plasmas are ionized gases comprising 
approximately equal numbers of positively charged ions 
and free electrons at high temperatures. Such plasmas 
may be utilized as sources of electrons for electron beams 
which in turn may be used in processing, forming or join 
ing materials as well as in a variety of other useful appli 
cations. Plasmas may also be utilized to produce positive 
or negative ion beams which may be used, for example, 
to clean or etch surfaces without destructive heating. In 
addition, if a plasma is formed from a suitable gas such 
as deuterium or a mixture of gases such as deuterium 
and tritium, fusion reactions may occur within the plasma 
body. Such fusion reactions may produce highly energized 
protons or neutrons or other particles, thus providing a 
source of neutrons or protons or such other particles at 
high energy. If the proper conditions are realized, the en 
ergy obtained from the fusion reactions may exceed the 
input energy and provide useful power. 

In order to achieve many of these results, it is nec 
essary to provide a suitable means of confining the plasma 
in a given region at high temperature for an appreciable 
period of time. Such confinement of plasma is difficult to 
achieve with ordinary solid walled containers, since con 
tact of the plasma ions with the walls of such a con 
tainer cools the plasma. Consequently, external magnetic 
fields having a variety of configurations have been utilized 
to confine the plasma in a selected space. In some systems 
an un-ionized gas is injected into the confinement space 
and therein ionized to produce the plasma, but in many 
systems it is preferred first to produce the plasma outside, 
then to accelerate it into the confinement space through 
an injection window or aperture and finally to trap it 
there by means of the magnetic fields. 

Injection of plasma into a confining field presents cer 
tain problems, however. Charged particles moving in a 
magnetic field tend to be reflected from regions of higher 
than average field strength. A magnetic field which is 
strong enough to confine the plasma ions may also be 
strong enough to exclude ions which are propelled toward 
the field. Conversely, plasma ions which have sufficient en 
ergy to penetrate into the confinement space will also tend 
to immediately escape therefrom. The problem is aggra 
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2 
vated by the fact that magnetic field configuratics.ns provid 
ing relatively stable confinement of plasma are usually 
Strongest at the periphery of the confinement space so 
that the equilibrium position of the plasma is at the center 
of the Space. As a result, the plasma accelerated toward 
Such a confining field must pass through a region of in 
creasing magnetic strength and through the region of the 
Strongest magnetic field to enter the confinement space. 

Penetration of plasma into a confining field in some 
cases is aided by the creation of a polarization of charge 
in the plasma being injected due to motion of the plasma 
transversely of the magnetic field. This polarization causes 
a local electric field in the plasma which is transverse to 
the magnetic field and in turn results in a drift velocity of 
the plasma into the confining field. The plasma will never 
theless be decelerated as it moves into the magnetic field 
because the plasma is not a perfect conductor and the 
Separation of charges which causes the drift velocity is 
not complete. Hence the drift velocity in many instances 
is not great enough to overcome the plasma excluding 
effects of the magnetic field to confine the plasma. As a 
result the entering plasma stagnates without reaching the 
center of the confinement space and may interact with the 
Solid members of the device creating the magnetic field 
to produce a gas cloud near the point of entry. 

In the present invention the problem of injection of 
plasma into an confining field is solved by creating a 
component of magnetic field in the confinement space 
adjacent the injection window, which component of field 
momentarily suppresses the confining field so that the 
plasma propelled through the window can enter the con 
finement space. After the plasma has entered the space, 
the confining field is restored adjacent the injection aper 
ture. So that the plasma will not leak out of the confine 
ment space along the path by which it entered. 

It is therefore an important object of this invention 
to provide an improved method of and apparatus for in 
jecting plasma into a plasma confining field. 

Another object of the invention is to provide an im 
proved method of and apparatus for suppressing a plasma 
confining field in the path of plasma being injected into 
a confinement space. . 

Still another object of the invention is to provide an 
improved method of and apparatus for maintaining a 
magnetic confining field adjacent to the plasma injection 
aperture during periods when injection is not taking 
place. 
A further object of the invention is to provide an 

improved method of and apparatus for momentarily sup 
pressing a plasma confining field during plasma injection 
and for subsequently restoring such field. 
A still further object of the invention is to provide a 

method and apparatus for injecting plasma into a plasma 
confining field in which the amount of interaction of the 
injected plasma with portions of the apparatus is opti 
mized. 
Yet another object of the invention is to provide an 

apparatus for injecting plasma into a confining field which 
can guide the plasma and Suppress or reinforce the con 
fining field as desired. 

Other objects and advantages of the invention will be 
come apparent from the following description when con 
sidered in conjunction with the accompanying drawings, 
in which: 

FIG. 1 is a diagrammatic perspective view of a plasma 
apparatus with which the present invention may be utilized 
with portions being broken away to show certain features 
thereof; 

FIG. 2 is an enlarged diagrammatic perspective view 
of a portion of the apparatus shown in FIG. 1 showing 
various features of the invention; 
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FIG. 3 is a graph showing the magnetic field configura 
tion as a function of distance from the injection aperture 
at two different times; 

FIG. 4 is a circuit diagram of the apparatus shown in 
FIGS. 1 and 2; 

FIG. 5 is a graph showing the magnetic field near the 
injection aperture as a function of time; 

FIG. 6 is an enlarged diagrammatic view of another 
form of a portion of the apparatus shown in FIG. 2; and 

FIG. 7 is a diagram of a circuit adapted for use with 
the apparatus shown in FIG. 6. 

Generally, as shown in the drawings, a plasma ap 
paratus with which the present invention may be utilized 
includes a vacuum sealed casing 10 within which is posi 
tioned means 12 for producing a plasma confining mag 
netic field within the casing. The invention may be utilized 
in conjunction with a variety of such apparatus but for 
clarity and ease of description it will be described in con 
junction with the specific illustrated apparatus. 

In the structure illustrated in FIG. 1, the vacuum sealed 
casing 10 is in the shape of a toroid and formed of a 
conductive material such as copper. It encloses, in spaced 
relationship and suitably insulated therefrom, a toroidal 
jacket 13. The jacket, in turn, encloses a plurality of 
endless rods or members 15, of conductive material such 
as copper, spaced about the minor circumference of a 
toroidal confinement space 16. The jacket 13 is internally 
fluted or corrugated around its minor circumference to 
provide a plurality of alternate ridges 17 and grooves 18 
each of which extends around the major circumference 
of the jacket. One each of the rods 15 is received in each 
groove 18 in spaced relationship to the wall thereof. A 
current is induced in each of the rods in the direction of 
the arrow 19 by a power source 20, as hereinafter de 
Scribed in detail. When a current passes longitudinally 
through each rod 15, an oppositely directed current in 
the direction of the arrow 21 is induced in the jacket 13. 
These currents in combination provide a magnetic field 
in the confinement space 16 which is concave between 
the rods 15 and the wall of the grooves 18 and convex 
in the space adjacent the ridges 17 relative to the minor 
axis of the toroidal confinement space. Plasma is injected 
into the space 16 through a window or aperture 22 in 
the jacket 13. 
AS previously indicated, current is induced in each rod 

15 and, in turn, in the jacket 13 by a power source 20. 
As shown in FIG. 1, the power source 20 includes a 
toroidal core transformer 38 which is disposed so that 
the rods 15 pass through the center hole or major axis 
thereof, and thereby act as short circuited secondary wind 
ings of the transformer. The transformer 38 includes a 
core 40 of iron laminations, and a primary winding or 
coil 42 of wire wrapped about the core 40. The primary 
winding 42 of the transformer 38 is connected to a source 
of pulsatory power such as will be described in detail 
below. 
As also shown in FIG. 1, the transformer is provided 

with a toroidal housing 44 of conductive material, such 
as copper, which is disposed about the primary winding 
42. An annular gap 46 is provided in the housing 44 ad 
jacent the major axis thereof. The transformer housing 
44 is suitably insulated from the casing 10 and is con 
nected to a transverse gap 47 in the jacket 13 by a pair 
of spaced apart flanges 48 of conductive material, such 
as copper, which extend between the ends of the jacket 
13 and the ends of the transformer housing 44. By this 
means the jacket is prevented from acting as a shorted 
turn of the transformer and hence from excluding mag 
netic flux from its interior so that current may be induced 
in the rods 15. 

Because of the toroidal shape of the apparatus, the 
rods 15 have different lengths or major circumferences. 
When a current is passed through the primary winding 
42, each rod 15, because it is a shorted turn of the trans 
former, generates the same magnetic flux. Therefore, the 
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4. 
current density required in the jacket 13 around the short 
rods 15 is higher than the current density required in the 
jacket wall 13 around the longer rods. If the proper cur 
rent density is not available locally to match the current 
density required, a transverse magnetic field will be set up 
at the gap 47 between the ends of the jacket 13. There 
fore, the turns of the primary winding 42 are pref 
erably distributed on the core 40 so that the flow 
pattern of the currents on the surface of the flanges 48 
goes generally directly in toward the grooves 18 which 
Surround the longer rods and does not cross the whole 
flange 48 to the grooves 18 surrounding the shorter 
rods 15. 

Preferably, to insure proper distribution of the current, 
the gap between the flanges 48 is tapered toward the 
major axis of the confinement space 16 so that the width 
of the gap is inversely proportional to the distance of the 
point on the flange 48 from the major axis of the toroid. 
Moreover, perforations 50 are preferably provided in the 
flanges 48 to aid in the proper distribution of current 
flow on the surface of the flanges 48. 
So that plasma trapped in the confinement space does 

not exchange its charge with neutral gas, and thereby 
cause hot ions to be neutralized and escape across the 
magnetic confining fields, the plasma region 16 is main 
tained at as high a vacuum as possible (i.e., as free as 
possible from neutral atoms and molecules). In the illus 
trated embodiment, means 52 Such as a conventional vacu 
um pump is connected to the casing 10 for rapidly evacu 
ating the plasma region. In this connection, a substantial 
number of small apertures 53 are provided in the jacket 13 
providing communication between the space enclosed 
by the casing 10 and the space enclosed by the jacket 13. 
As best shown in FIG. 2, plasma is injected radially 

into the confinement space 16 by means of a source 58 
of plasma, which may include a conventional plasma 
gun 60. Preferably, the plasma source 58 includes purify 
ing apparatus 62 for trapping neutral particles and pre 
venting them from entering the casing thus purifying the 
plasma before it enters the jacket. A suitable device for 
performing such purification is described in co-pending 
application Ser. No. 408,949, of Franklin R. Scott, et 
al., entitled Plasma manipulation method and apparatus, 
now Pat. No. 3,445,722, filed Nov. 11, 1964, and as 
signed to the assignee of the present invention. 

It will be apparent that in order for the confining mag 
netic field to exist at its peak strength when the plasma 
reaches the confinement space it is necessary to initiate 
the confining magnetic fields prior to the time of in 
jection. To enable the purified plasma to enter the mag 
netic fields, a plasma injection device 64 is provided 
adjacent the injection window 22. 
The injection device as illustrated in FIG. 2 includes a 

cylindrical injection tube or pipe 66 which is connected 
at its Outer end to the plasma source 58, extends through 
the wall of the casing 10, and terminates at the window 
22 in an annular inner face 68 adjacent to the inner wall 
of the jacket 13. Although it is not necessary that the 
tube be such, the face 68 of the injection tube is formed 
of a conductive material such as copper and is connected 
to conductor plates 70 and 72 which are perpendicular 
to the axis of the tube 66 and parallel to the major cir 
cumference of the toroid 13. Each plate 70 and 72 is 
Connected at its Outer end to a conductive member 74 
and 76, respectively, which extend away from the jacket 
13 parallel to the axis of the tube 66. The member 76 is 
connected at its outer end to a conductive annulus 78 
which is spaced from and surrounds the tube 66. The 
annulus 78 and the outer end of the member 74 are con 
nected to the respective terminals of a coaxial cable 80 
connected to a direct current power source through a 
circuit to be described below. (FIG. 4). 
The entire assembly of the injection device may be 

Securely fastened to the jacket 13 and the casing 10 by 
potting with a Suitable epoxy resin 81 around the out 
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side of the tube 66 so as to completely fill the injection 
aperture 22 outside of the end 68 of the pipe 66. A layer 
of stainless steel foil 82 covers the epoxy resin to prevent 
the epoxy resin from accumulating a charge or evaporat 
ing into the confinement 16 space and contaminating the 
plasma. It also provides a continuous conductive Sur 
face at the inner surface of the jacket 13 except for the 
end of the tube. It will be apparent that current supplied 
through the coaxial cable 80 will flow along the member 
74 and the plate 70 to the face 68 of the pipe 66 where 
it will divide and flow across the face 68 by going around 
both sides of the end of the pipe. The divided current will 
reunite in the plate 72 and flow through the member 76 
and annulus 78 back to the coaxial cable. The direction 
of flow may, of course, be reversed. 
The effect of this current on the magnetic field in the 

portion of the confinement space 16 adjacent the win 
dow 22 depends upon the direction of the current around 
the face 68 in relation to the current induced in the 
jacket 13. When these currents are in generally opposite 
directions as shown by arrows 79 on the face 68 and 
arrow 21 on the jacket in FIG. 2, the confining mag 
netic field will be diminished due to the component of 
magnetic field caused by the current around the face. 
When the currents are in generally the same direction, 
the confining field will be increased due to the com 
ponent of magnetic field caused by the current around 
the face. These effects are shown in FIG. 3, which is a 
graph of the magnetic field strength taken along the axis 
of the tube 66 extended from the window to the inner 
wall of the jacket 13. The solid line shows the field 
when the currents in the jacket 13 and on the face 68 
are in generally the same direction while the dashed 
line shows the field when the currents are in generally op 
posite directions. 

In operation of the apparatus, the confining magnetic 
field is first initiated. This field is then momentarily sup 
pressed by operation of the injection device at approxi 
mately the same time that plasma which has been ac 
celerated along the pipe 66 from the plasma source 58 
reaches the inner wall of the jacket 13. After the plasma 
has entered the confinement space, the confining field 
adjacent the window is restored and reinforced by the 
injection device. This mode of operation is accomplished 
by means of the circuit shown in FIG. 4. 

In the illustrated circuit the rods 15 are linked through 
the transformer 38 and an ignitron bank 83 to a capacitor 
bank 84. A second ignitron bank 86 is connected across 
the primary 42 of the transformer 38 and functions to 
short circuit the primary of the transformer after a prede 
termined time so that the confining magnetic field will 
decay. The primary 42 of the transformer 38 and the 
capacitor bank 84 and ignitron bank 83 are also connected 
to the injector device 64 through suitable inductors 88 
and 89 which are in series connection on each side of 
the injection device. An injection capacitor bank 90 in 
series with an injector ignitron bank 92 and a suitable re 
sistor 94 is connected across the injection device. The igni 
tron banks 83, 86 and 92 are fired at the desired times 
relative to the time of plasma injection by timing circuits 
96, which may be conventional. The polarities of the 
charges on the capacitors 84 and 90 and the connections 
to the transformer 38 and the injection device 64 are so 
arranged that the current in the face 68 caused by dis 
charge of the injection capacitor bank 90 is opposite to 
that produced in the jacket 13 by discharge of the capaci 
tor bank 84. 

In operation of the apparatus the capacitors 84 and 90 
are charged with the polarities shown by conventional 
direct current power supplies (not shown). These capaci 
tors may be charged through switching means which are 
opened when the capacitors are charged to the desired 
potential. The timing circuits 96 are then started by some 
initiating signal, which may be the closing of a switch. 
The timing circuits 96 thereupon apply a control signal 
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6 
to the ignitors of the ignitron bank 83 which is thereby 
rendered conductive. 
The capacitor bank 84 discharges through the ignitron 

bank 83 so as to cause current flow through the primary 
42 of the transformer 38 and also through the inductor 
89, the injector device 64 and the inductor 88. As a result, 
the currents in the jacket 13 and face 68 flow in the same 
direction and the magnetic field adjacent the window 22 
rises to a peak as shown in FIG. 5 and begins to decay. 
The rise in the field represents a transfer of energy from 

the charged capacitor 84 to the field produced by the 
transformer 38. The peak in the field represents the com 
pletion of the transfer and signifies the complete discharge 
of the capacitor 84. At about this point in time, a control 
signal is supplied by the timing circuits 96 to the ignitor 
of the ignitron bank 86 which thereupon shunts the capaci 
tor 84 and the ignitron bank 83. This leaves the capacitor 
84 discharged, while current continues to circulate in the 
winding 42 until the energy is dissipated. 
At the same time that energy is transferred to the wind 

ing, part of the energy in the capacitor 84 is transferred 
to the fields of inductors 89 and 88 and the injector device 
64 so that current also continues to circulate through the 
injector device 64 upon actuation of the ignitron bank 86. 

Shortly after the ignitron bank 86 is fired, the timing 
circuits 96 Supply a control signal to the ignitron 92. 
The injector capacitor bank 90 is then discharged by the 
injector ignitron bank 92 so as to cause current to flow 
through the resistor 94 and through the injector 64 in 
the direction opposite to the current in the injector 64 
caused by discharge of the capacitor bank 84. This results 
in a component of magnetic field adjacent the window 22 
which opposes and tends to suppress the field created by 
the currents in the jacket 13. The effect of the combined 
components of magnetic field is a momentary suppression 
of the field adjacent the window as shown in FIG. 5, so 
that plasma accelerated through the window 22 can enter 
the space 16. 
The discharge of the capacitor 90 is isolated from 

the rest of the circuit by the inductors 88 and 89. Because 
there is little inductance in the discharge path for this 
current, there is little tendency to oscillate, and further 
oscillation is damped by the resistor 94. There may be a 
slight overshoot as shown in FIG. 5. Resistor 94 also 
Serves to determine the time constant with which the 
capacitor 90 discharges and hence the duration of the 
current pulse through the injector 64. 

Even after this current is dissipated, the current in the 
inductors 88 and 89 that was caused by discharge of the 
capacitor bank 84 continues flowing in the same direction 
in the face 68 as the current in the jacket 13 and causes 
a component of field adjacent the window which is in the 
Same direction as and reinforces the confining field. 

In one particular mode of operation the parameters 
of the circuit are so chosen that the confining field 
rises to a peak in 400u sec. The transformer is shorted 
500p. Sec. after initiation of the current through the rods. 
This confining field has a decay time constant of about 
5,500u sec. About 50p sec. after the primary is shorted 
the plasma is injected and the injection capacitor bank 90 
is discharged so as to create a field component opposed to 
the confining field adjacent the injection window 22. 
The confining field is suppressed for approximately 20t. 
Sec. by this opposing field component. The persisting por 
tion of the field produced by the currents in the injection 
device as produced by discharge of the capacitor bank 84 
is in phase with and in the same direction as the confining 
field produced by the current in the jacket 13 and rein 
forces the latter field adjacent the injection window 22 as 
both field components decay. The resulting time depend 
ence of the total field adjacent the window 22 is shown in 
F.G. 5. 

In one embodiment of plasma research apparatus, a 
copper jacket 13 having a wall, 3 cm. thick, is formed 
so as to provide six ridges 17 and six grooves 18. The wall 
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is perforated so that approximately 25 percent of its area 
is open and the jacket is disposed within a copper casing 
10. The ridges are made with a radius of 15 cm., and the 
grooves are made with a radius of 28 cm. Six oval shaped 
rods 15 are disposed in the grooves. The radius of the lar 
ger arcuate portion of each rod is 22 cm., and the radius of 
the smaller arcuate portion of each rod is 15 cm. The 
projection of the flat sides of the rods on the diameter is 
7 cm., and a one cm. gap is provided between the flat side 
of the rod 15 and the jacket 13. The copper pipe 66 has 
an inner diameter of 5 cm. and the window 22 is 12 inches 
in diameter. 
The capacitor bank 84 is charged by an external power 

source so that a flux density of 15,000 gauss is created in 
the core of the transformer, and the length of the current 
pulse is 0.1 second. The confinement space 16 is main 
tained at a vacuum of 106 mm. Hg. Preferably, a plasma 
density of 1015 particles per cubic cm. is provided. 
The capacitor bank 84 has a capacitance of 7,200 f., 

while the injection capacitor bank 90 has a capacitance of 
150 m?. The peak flux density adjacent the jacket 12 is 
5,000 gauss. The resistance of resistor 94 is 20 milli 
ohms and the inductance of inductors 88 and 89 are each 
10 uH. 
Although the injection device 64 illustrated in FIG. 2 

is highly useful in many applications and provides for 
greatly improved injection of low energy plasma, it has 
been found in practice that a gas cloud may be produced 
near the injection window which can contaminate the 
plasma. Such a gas cloud, it is believed, may be produced 
by interaction of the injected plasma with the inner Sur 
face of the injection tube 66. Accordingly, in the em 
bodiment illustrated in FIG. 6 means are provided for 
producing a longitudinal magnetic field in the tube which 
serves to guide the plasma along the center of the tube 
and prevent interaction of plasma with the tube surface. 

Specifically, as shown in FIG. 6, the injection device is 
divided into two portions 164A and 164B which are in 
sulated from one another and provide two separate but 
interconnected current paths. The device includes a cylin 
drical injection tube 166 having an upper portion 166A 
and a lower portion 166B substituted for the tube 66 of 
FIG. 2. The portions 166A and 166B are insulated from 
one another by electrical insulation 167 and terminate at 
the window 22 in semi-annular inner faces 168A and 
168B, respectively. On each portion 166A and 166B, 
an overlapping sheet 169A and 169B is provided which 
masks the gap between the portions and fits into a nat 
ing depression in the inner surface of the other member 
so that the inner surface of the tube is cylindrical. The 
face 168A of upper portion 166A is connected to con 
ductor plates 170A and 172A which are perpendicular 
to the axis of the tube 166 and are parallel to the major 
circumference of the toroid 13. Similarly the face 168B 
of lower portion 166B is connected to conductor plates 
170B and 172B which are parallel to and insulated from 
the plates 170A and 172A. 
The plates 170A, 170B, 172A and 172B are each con 

nected at their outer ends to respective conductive mem 
bers 174A, 174B, 176A and 176B, which extend away 
from the jacket 13 parallel to the axis of the tube and are 
each insulated from the adjacent member. The outer ends 
of the members 176A and 176B are connected to a con 
ductive annulus 178 which is spaced from and Surrounds 
the tube 166. The annulus 178 is divided into a semi 
circular lower portion 178A and an upper portion 178B 
which are insulated from one another. The member 
176A is connected to the lower portion 178A of the an 
nulus by means of a connecting member 179 while the 
member 176B is directly connected to the upper portion 
of the annulus 178B. The end of the lower portion 
178A of the annulus opposite the member 176A and the 
outer end of the member 174A are connected to the re 
spective terminals of a coaxial cable 180A connected to 
a direct current power source through a circuit to be de 
scribed below (FIG. 7). Similarly the end of the upper 
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portion 78B of the annulus opposite the member 176B 
and the outer end of the member 176A are connected 
through a coaxial cable 180B and to the power source. 

It will be apparent that current supplied through the 
cable 180A will flow along the member 174A and the 
plate 170A, the pipe portion 166A, the plate 172A, the 
member 176A, the vertical member 179, and the lower 
portion 178A of the annulus back to the axial cable. This 
flow is indicated by solid arrows. Similarly current sup 
plied through the cable 180B will flow along the various 
elements 174B, 170B, 166B, 172B, 176B, and 178B back 
to the cable. This flow is indicated by dashed arrows. 
Since the entire tube 166 is formed of a conductive 
material the current flow in each case is around the en 
tire tube portion 166A or 166B rather than just the face 
portions 168A and 168B. Hence, a magnetic field is 
created in the tube itself as well as at its face. Where the 
respective overlapping sheets 169A and 169B are mated 
with the opposing portion 166B and 166A, respectively, 
an image current will be induced in the sheets which will 
have the same direction as the primary current on the in 
ner surface of the tube. Thus the current distribution on 
the inner Surface of the tube is made more uniform since 
the sheets cover the insulated gaps between the tube 
portions. 
When the current in each of the members 174A and 

174B has the same direction the effect on the magnetic 
field in the portion of the confinement space adjacent the 
window will be approximately the same as in the embodi 
ment of FIG. 2. That is, when the currents across the 
face are generally opposite to the currents induced in the 
jacket 13, the confining field is diminished and when such 
currents are in the same direction as those in the jacket 
the field is strengthened. 
The current direction in either of the annular por 

tions may, however, be reversed so that there is an ef 
fective closed current loop around the tube. Such a loop 
creates a longitudinal magnetic field which forces the 
plasma toward the center of the tube away from the tube 
surfaces and helps guide it. As a result there is less in 
teraction between the plasma and the tube to create a 
gas cloud. Similar results may be achieved by simply 
having different magnitude currents in each portion of 
the annulus as well as by a change in their directions. Of 
course, in Such a case the confinement field will not be 
completely canceled. This deficiency, however, in practice 
may be out-weighed by the lessening in the amount of 
contaminating gas produced. 

The embodiment of FIG. 6 may be operated by the 
circuit of FIG. 7. As in the previous embodiment the 
rods 15 are linked through the transformer 38, and the 
ignitron bank 83 to a capacitor bank 84. A second igni 
tron bank 86 is connected across the primary 42 of the 
transformer 38 and functions to short circuit the primary 
of the transformer after a predetermined time so that 
the confining magnetic field will decay. The primary 42 
of the transformer 38 and the capacitor bank 84 and 
ignitron bank 82 are also connected in series to the 
injector device 164 through suitable inductors 188A and 
188B on one side and inductors 189 on the other side. 
Inductors 188A and 188B are in parallel with one an 
other and in series with the respective portions of the 
injector 164A and 164B. An injection capacitor bank 
190A in series with an injector ignitron bank 192A and 
a suitable resistor 194A is connected across the por 
tion of the injection device 164A. Similarly an injection 
capacitor bank 190B in series with an injector ignitron 
bank 192B and a suitable resistor 194B is connected 
across the other portion 164B. The ignitron banks 83, 
86, 192A and 192B are fired at the desired times relative 
to the time of plasma injection by timing circuits 96, 
which may be conventional. The polarities of the charges 
on the capacitors 84, 190A and 190B and the connections 
to the transformer 38 and the injection device 64 may 
be so arranged that the current in the faces 168A and 
168B caused by discharge of the injection capacitor banks 
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190A and 190B is in the same general direction and op 
posite to that produced in the jacket 13 by discharge of 
the capacitor bank 84. The current in either portion 164A 
or 164B may be reversed by manually disconnecting at 
the points marked A or at those marked B and reversing 
the leads. The same result may be accomplished by switch 
eaS 
In operation of the apparatus the capacitors 84, 190A 

and 190B are charged with the polarities shown by con 
ventional direct current power supplies (not shown). 
These capacitors may be charged through switching means 
which are opened when the capacitors are charged to the 
desired potential. The timing circuits 96 are then started 
by some initiating signal, which may be the closing of a 
switch. The timing circuits 96 thereupon apply a con 
trol signal to the ignitors of the ignitron bank 83 which 
is thereby rendered conductive, 
The capacitor bank 84 discharges through the ignitron 

bank 83 so as to cause current flow through the primary 
42 of the transformer 38 and also through the inductors 
188A and 188B, the portions of the injector device 164A 
and 164B and the inductor 189. As a result, the current 
in the jacket 13 and the faces 168A and 168B flow in 
the same general direction and the magnetic field adjacent 
the window 22 rises to a peak as shown in FIG. 5 and 
bgeins to decay. If the direction of the currents in the 
tube 166 are such as to form a closed loop this effect 
will be reduced since the current in one face 168A or 
168B will be opposite to the direction of the jacket cur 
rent but a longitudinal guiding field will also be created 
in the tube. Reversal of the current in both parts of the 
tube as described in connection with the previous em 
bodiment will reverse the direction but not the overall 
effect of the guiding field. 

It should be realized that while the structure shown 
and described above is a toroidal construction, certain 
features of this invention may be employed in a linear 
or other geometrical form of plasma device. Moreover, 
instead of having the current induced in the rods by the 
illustrated circuits the rods may be separately excited by 
parallel leads extending through a wall of the jacket. 
In such a case, local magnetic fields generated about the 
parallel leads guard or protect the leads from the hot 
plasma. 

Various other changes and modifications may be made 
in the above described plasma apparatus without deviat 
ing from the spirit or scope of the present invention, 
various features of which are set forth in the accom 
panying claims. 
What is claimed is: 
1. A method of injecting plasma into a space wherein 

a plasma confining magnetic field exists comprising the 
steps of accelerating the plasma in a path toward the 
space, momentarily suppressing the confining field in the 
path of the plasma. So that the plasma enters the space, 
and creating a component of magnetic field in said path 
in the same direction as said confining field to restore the 
confining field in said path after the plasma has entered 
the space. 

2. A method according to claim 1 wherein the field 
suppressing step comprises momentarily creating a com 
ponent of magnetic field in said path, which component 
is opposed to said confiningfield. 

3. A method according to claim 1 wherein said con 
fining field is suppressed for approximately 20u sec. 

4. A method according to claim 1 including the step 
of synchronizing said plasma accelerating step and said 
field suppressing step so that the confining field is sup 
pressed at the time that the plasma reaches the space. 

5. A method of injecting plasma into a space wherein 
a plasma confining magnetic field exists comprising the 
steps of accelerating the plasma in a path toward the 
space, and momentarily suppressing the confining field 
in the path of the plasma so that the plasma enters the 
space wherein said plasma confining magnetic field is 
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10 
produced by a first current in a first conductor outside 
of the space, said conductor having an aperture in said 
path for the entry of plasma, and wherein said field 
Suppressing step comprises producing a second current 
flowing along an annular second conductor positioned 
adjacent the aperture in a direction opposite to the di 
rection of current flow in said first conductor. 

6. A method according to claim 5 wherein said an 
nular conductor surrounds the path of the plasma includ 
ing causing said second current to flow around said path 
to produce a longitudinal magnetic field forcing the 
plasma away from said second conductor. 

7. A method of injecting plasma into a space wherein 
a plasma confining magnetic field exists comprising the 
steps of accelerating the plasma in a path toward the . 
space, momentarily suppressing the confining field in 
the path of the plasma so that the plasma enters the 
space, and creating a component of magnetic field in said 
path in the same direction as said confining field to re 
store the confining field in said path after the plasma 
has entered the space, including producing a substantially 
closed sheet of current surrounding the path of the 
plasma to create a longitudinal magnetic field directed 
along said path to guide said plasma toward said space. 

8. A method of injecting plasma into a space wherein 
a plasma confining magnetic field exists comprising the 
steps of accelerating the plasma in a path toward the 
space, momentarily suppressing the confining field in the 
path of the plasma so that the plasma enters the space, 
and restoring the confining field in said path after the 
plasma has entered the space so that the plasma is con 
fined in the space wherein said plasma confining magnetic 
field is produced by a current in a first conductor outside 
of the space, said conductor having an aperture in said 
path for the entry of plasma, and wherein said field re 
storing step comprises producing a current flowing along 
an annular second conductor positioned adjacent the 
aperture in the same direction as the direction of the 
current flow in said first conductor. 

9. A method of injecting plasma into a space wherein 
a plasma confining magnetic field exists comprising the 
steps of accelerating the plasma in a path toward the 
space, and momentarily suppressing the confining field in 
the path of the plasma so that the plasma enters the space 
including the steps of passing current unidirectionally 
through a first conductor, the current in said first con 
ductor creating a plasma confining field in the space, 
thereafter shunting the first conductor so that said cur 
rent continues to pass therethrough, thereafter passing 
current momentarily through a second conductor in 
such direction as to create a component of magnetic field 
in said plasma path opposed to the plasma confining 
field, whereby the plasma confining field is momentarily 
suppressed. 

10. A method according to claim 9 wherein simul 
taneously with the passage of current through said first 
conductor current is passed through said second conductor 
in a direction so as to create a second component of mag 
netic field in said plasma path in the same direction as 
the plasma confining field created by the current in said 
first conductor, whereby the plasma confining field is in 
creased. 

11. A method according to claim 9 wherein said first 
conductor has an inductance of such magnitude that said 
plasma confining field persists for a time which is long 
relative to the duration of said component of magnetic 
field opposed thereto. 

12. A method of injecting plasma into a space wherein 
a plasma confining magnetic field exists comprising the 
steps of accelerating the plasma in a path toward the 
Space, and momentarily suppressing the confining field 
in the path of the plasma so that the plasma enters the 
Space including the steps of charging a first and second 
capacitor, thereafter discharging said first capacitor 
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through a first conductor so as to pass a current uni 
directionally therethrough, the current in said first con 
ductor creating a plasma confining field in the space, 
thereafter short circuiting said first conductor when said 
capacitor is Substantially completely discharged so that 
Said current continues to pass through said first con 
ductor, thereafter discharging said second capacitor 
through a second conductor in such direction as to create 
a component of magnetic field in said plasma path op 
posed to the plasma confining field whereby the plasma 
confining field is momentarily suppressed. 

13. A method according to claim 12 wherein simul 
taneously with the passage of current through said first 
conductor current from said first capacitor is passed 
through said second conductor in a direction so as to 
create a second component of magnetic field in said 
plasma path in the same direction as the plasma confin 
ing field created by the current in said first conductor 
whereby the plasma field is increased, said first conductor 
has an inductance of such magnitude that said plasma 
confining field persists for a time which is long relative 
to the duration of said component of magnetic field op 
posed thereto, said second conductor having inductance 
of such magnitude that oscillation of said current caused 
by discharge of said second capacitor is damped, and in 
cluding the step of synchronizing said plasma accelerat 
ing step, said discharge of said first and Second capacitors 
and said short circuiting of said first conductor so that 
the confining field is momentarily suppressed at the time 
that the plasma reaches the space. 

14. Apparatus for injecting plasma into a space where 
in a plasma confining magnetic field is produced by a 
first conductor outside of the space, said first conductor 
having an aperture therein for the entry of plasma, com 
prising means for accelerating plasma in a path toward 
the space, said plasma path passing through said aper 
ture, and field suppressing means for momentarily sup 
pressing the confining field adjacent said plasma path 
so that the plasma enters the space including an annular 
second conductor insulated from the first conductor and 
positioned adjacent the aperture around said plasma 
path. 

15. Apparatus according to claim 14 including a first 
source of power linked with said first and second con 
ductors, a second source of power linked with said 
second conductor, first switching means connected be 
tween said first power source and said first and second 
conductors for causing a first current to flow through 
each of said first and second conductors so that the cur 
rent through each of said conductors produces respective 
first and second magnetic field components having the 
same direction, second switching means for shunting the 
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first power source and the first switching means so that 
Said first current continues to circulate through said 
first and second conductors, third switching means for 
causing current to flow through said second conductor 
So that the current through said second conductor pro 
duces a third magnetic field component opposed to the 
magnetic field component produced by the current in 
Said first conductor, current damping means connected 
between said second power source and said second con 
ductor So that said third magnetic field component de 
cays rapidly relative to the decay of said first and second 
magnetic field components, and timing means for ac 
tuating said first, second and third switching means at 
predetermined times. 

16. Apparatus according to claim 14 wherein said 
Second conductor is connected to an electrical power 
Source on opposite sides of said plasma path so that cur 
rent divides and flows through said annular second con 
ductor around each side of plasma path. 

17. Apparatus according to claim 16 wherein said 
second conductor comprises two portions extending along 
the path of the plasma and insulated from one another, 
including means for causing different currents to flow 
in each of said portions so as to produce a longitudinal 
magnetic field forcing the plasma away from said second 
conductor. 

18. Apparatus according to claim 16 including means 
for causing the current in said second conductor to flow 
momentarily in a direction opposite to the direction of 
current flow in the first conductor so that the plasma 
enters the space. 

19. Apparatus according to claim 18 including means 
for causing the current in said second conductor to flow 
in th esame direction as the current in the first conductor 
so that the confining field is reinforced adjacent the 
aperture. 
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