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plasma axis. - 
... It is another object of the present invention to provide 
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The present invention relates to an improved plasma 
device for generating a high energy plasma from which 
there is produced large quantities of neutrons. 
The plasma generated by the present invention com 

prises a highly advantageous source of charged particles 
and neutrons and, inasmuch as the utility of neutron 
Sources and ion sources are well known, no explanation 
thereof is required. By the generation of a plasma where 
in the ions have a very large energy, or high temperature 
as the energy is often described, it is possible to produce 
nuclear interactions between the ions whereby copious 
quantities of neutrons are emitted. Additionally, high 
temperature plasmas, as herein generated, serve to fully 
ionize neutral atoms or molecules introduced therein. 
Through the choice of suitable fuel material from the 
plasma and by maximizing various parameters later de 
scribed it is further possible to raise the plasma tempera 

- ture to the range required for initiating thermonuclear 
reactions between plasma particles. 

In this invention there is employed a very powerful 
heating mechanism for plasma particles, as well as an 
improved plasma containment geometry to the end of 
maximizing plasma temperature whereby nuclear inter 
action of plasma particles results. It is herein contem 
plated that by the generation of particular magnetic and 
electric field configurations and relations there shall be 
produced a controlled plasma particle trajectory wherein 
the application of energy to plasma particles is facilitated, 
the interchange of energy between plasma particles is 
maximized, and the containment of plasma particles with 
in the plasma is extended into the range of thermalization. 

It is an object of the present invention to provide a 
device for producing a high energy plasma. 

It is a further object of the present invention to provide 
an axial plasma containment by a ring mirror geometry 
wherein magnetic field lines converge away from the 

means for establishing an electron sheath in a plasma 
for imparting energy to plasma ions in a region of crossed 
electric and magnetic fields. 

It is a still further object of the present invention to 
provide high permeability. magnetic-field termination 
Tmeans at plasma extremities for producing an advan 
tageous plasma confinement. 
Yet another object of the present invention is to estab 

lish plasma rotation in crossed magnetic and electric 
fields wherein ions orbit through an electron sheath to 
receive energy then imparted to other positive plasma 
constituents. 
A further object of the present invention is to provide 

high permeability magnetic-field termination means at 
plasma ends radially outward of the plasma axis for es 
tablishing an improved axial plasma containment. 

Various other objects and numerous advantages of the 
invention will become apparent to those skilled in the art 
from the following description taken together with the 
accompanying drawing wherein: 
FIGURE 1 is a schematic representation of a preferred 

embodiment of the invention; and - - - - - - - 

FIGURE 2 is a representation of magnetic field con 
figuration at plasma ends. 

Considering now a single embodiment of the invention 
as illustrated schematically in FIGURE 1 of the drawing, 
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2 
there will be seen to be provided a plasma chamber de 
fined by a cylindrical liner 12 formed, for example, of 
stainless steel or other conducting material. Pump-out 
connections 4 extend from the liner adjacent opposite 
ends thereof for attachment to vacuum pumping means, 
not shown, whereby the chamber may be evacuated to 
low pressure. 
About the chamber 11 there is provided a magnet as 

sembly 6 including a central magnet coil 17 and mirror 
coils 8 axially outward therefrom as well as end plates 
or rings 19 extending radially outward from the liner at 
the ends of the mirror magnets. These end plates are 
formed of a material having high magnetic permeability, 
preferably ferromagnetic, and may connect to a shell 22 
about the coils and also formed of like material. These 
end plates 19 serve to concentrate and direct the mag 
netic flux lines as described more fully hereinafter. . 
As a further part of the device, there is provided an 

electrode 23 axially through the chamber 11 and this elec 
trode may be formed of metal such as aluminum or may 
comprise a "plasma electrode' or electron beam serving 
the purpose of establishing a relatively strong radial elec 
tric field between same and the liner 12. A further func 
tion of the central electrode 23 is the introduction of 
neutral particles to the chamber as "fuel' for ionization 
therein and as shown this central electrode 23 is formed 
as a tube with a multitude of small perforations 24 
therealong. A gas source 26 is connected through a valve 
27 to the central tubular electrode exteriorly of the cham 
ber 1 to supply gas thereto; however, an alternate gas 
feed may be accomplished by piping 28 extending through 
the liner 12 and communicating through valving 29 to a 
gas Source 3. - 
The ends of the chamber 1 are sealed, with an end 

plate 32 providing mounting for the central electrode via 
insulating means 33 and an opposite end plate 34 provid 
ing, if desired, an ion egress window. In order to protect 
structural elements of the device from damage by the high 
temperatures generated within the plasma chamber, suit 
able cooling means are provided including cooling tubes 
within the central electrode and about the liner as well as 
upon the end plates with appropriate coolant being cir 
culated therethrough by conventional means. 

Suitable circuitry is associated with the above-described 
structure for energizing same and in this respect a first 
magnet power supply 51 is connected across the central 
magnet coil 17 and a second magnet power supplies 52 
across the mirror coils 18 with each power supply includ 
ing appropriate switching and control means for connect 
ing and disconnecting same to the magnets, as well as 
varying the magnet winding current. A high voltage 
power supply 53 is connected between the liner 2 and 
central electrode 23 in circuit with stwich means 54 and 
this power supply includes means for varying the output 
Voltage thereof as well as filtering means protecting the 
power Supply from Voltage surges. 
As regards operation of the present invention, it is 

herein contemplated that there shall be formed a radial 
electric field between the central electrode 23 and the 
liner 12 and an axial magnetic field through the chamber 

by means of the magnet assembly 16. In starting the 
device, the chamber 1 is evacuated through the pump-out 
connections 14 by suitable vacuum pumping means, not 
shown, and the magnet coils 17 and 18 are energized from 
the power supplies 51 and 52. The current to the center 
and mirror coils are adjusted to produce a desired mag 
netic field intensity within the chamber with the mirror 
coils producing greater fields so that the magnetic field 
in the chamber increases towards the ends of the magnet 
assembly to form a field geometry commonly known 
as a mirror, field, described in greater detail below. A 
gas such as deuterium from the source 26 is fed into the 
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chamber 11 via the perforations 24 in the central elec 
trode with the vacuum pumping speed and gas flow being 
adjusted to provide a suitable initial chamber pressure as, 
for example, 0.1 micron to 1.0 micron. The Switching 
means 54 is actuated to apply from the power Supply 53 
a high voltage between the center electrode and liner. 
In practice it has been found advantageous for certain 
purposes to employ a direct current voltage and Super 
impose thereon a high frequency voltage; however, a 
pulsed voltage may also be produced by the high voltage 
power supply 53 with the limitation that the voltage 
polarity does not change. Commonly, the device is oper 
ated with the liner electrically grounded and the central 
electrode positive with respect thereto to thereby form an 
anode; however, opposite polarity operation is possible. 
As an example of operation the following parameters 

are presented: 
Magnet, coils-total length.----------. 48 inches. 
End plate, thickness of each---------. 1 inch. 
Liner, inner diameter--------------- 8 inches. 
Central electrode, outer diameter-----. % inch. 
Gas density (initial)---------------- 3X 1013 neutrals. 
Magnetic field, axial---------------- 10 kilogauss. 
Applied voltage-------------------- 10 kilovolts. 

With the machine described above, neutron production 
is found to be a function of applied voltage, magnetic 
field, and current. Measurement of neutron production 
establishes that an excess of 3x108 neutrons per second 
are readily obtainable with a current of the order of an 
ampere. A substantial neutron production occurs at ap 
plied voltages down to three kilovolts with neutron yield 
increasing with increased current and with increased 
voltage, as well as with increased ratio of end magnetic 
field to central magnetic field at least within a limited 
Iailge. 

Insofar as the physics of the device are concerned, it is 
established that following application of voltage between 
the central electrode and liner there is produced a dis 
charge which tends to be radial but which is constrained 
by the axial magnetic field to travel about the central 
electrode, i.e., to rotate. Electrons formed by the ioniza 
tion of gas within the chamber tend to collect into a sheath 
about the anode, here the central electrode, and the elec 
trons there rotate rapidly about the central electrode 
under the influence of crossed magnetic and electric fields 
to form a very powerful ionizing medium. Gas or fuel 
in the form of neutral molecules escape from the central 
electrode to thereby diffuse radially outward into this ro 
tating electron sheath whereby the neutral atoms or 
molecules are ionized as by collision with electrons in 
the sheath. Substantially all neutrals, i.e., neutral atoms 
or molecules, are ionized in the electron sheath and 
while electrons resulting from this ionization process 
generally remain in the sheath to increase the density 
thereof, the positive ions resulting from the ionization 
process are in the main ejected from the sheath by the 
large electric fields there present. These ions in general 
traverse orbits about the chamber to ionize neutrals 
therein and to give up energy to other ions. There is thus 
produced within the chamber 11 a plasma extending gen 
erally between the central electrode and liner within the 
magnet assembly, and an electron sheath about the cen 
tral electrode provides most of the voltage difference be 
tween the liner and central electrode. By the main 
tenance of this electron sheath, wherein rotating electrons 
are raised to very high energy, there is provided an ex 
tremely good ionizing mechanism wherein substantially 
100% of neutrals are ionized. 

Considering further the theoretical aspects of the in 
vention, it is noted that a primary consideration in pro 
ducing a plasma temperature of the order required for 
thermonuclear reactions is the addition of heat to a gen 
erated plasma. Problems arise in this respect, for elec 
trical current heating is a function of plasma resistance, 
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4. 
which for high density plasmas, is quite small compared 
to that of the circuit used to feed current to the plasma. 
Conversely, in a low density plasma, wherein electron 
ion collisions primarily determine the conductivity, the 
plasma resistance is so high that excessive voltages are 
required to deliver appreciable amounts of energy to the 
plasma by electrical conduction. 

In this invention the aforementioned electron sheath, 
in addition to serving as an ionizing medium may be 
considered as a means for applying energy to the plasma. 
Ions produced in the electron sheath are radially accel 
erated therefrom by the strong electric field present and 
with a suitably strong axial magnetic field these ions will 
orbit in the chamber through the plasma Surrounding the 
sheath to thereby give up energy to the plasma through 
collisions with ions therein. The foregoing will be seen 
to comprise a plasma heating mechanism which is in 
dependent of the plasma resistivity. 
As a further consideration of the heating mechanism 

outlined above, there is by the following presented a 
possible theoretical explanation thereof including calcula 
tions to numerical values based upon the assumption that 
there is an applied voltage of ten kilovolts direct current, 
an axial magnetic field of ten kilogauss and generally 
an initial neutral density (N) of 3 x 1013 molecules per 
centimeter prior to the application of voltage. Without 
a detailed knowledge of the distribution of electron en 
ergies in the electron sheath, the exact rate of ionization 
of molecules in the sheath is not shown. Since the 
ionization cross section can be approximated as being in 
versely proportional to electron velocity, the mean ioniza 
tion time (t) is not very sensitive to the electron velocity 
distribution. The product of ionization cross section (a) 
and velocity (v) for electron ionization of D to D, 
is about 6X 108 cubic centimeters per second. The 
ionization rate for deuterium molecules in the sheath of 
an electron density Ne=1018 is then given by the relation 
Neov=1018X6X 10-8-6X 105 ionizations/sec./molecule, 
and from the foregoing it will be seen that the mean life 
of a deuterium molecule is less than 2 microseconds. In 
operation of the present invention it has been observed 
that essentially no molecules penetrate the sheath region 
without being ionized. A D+ ion formed in the sheath 
region is accelerated outward by the strong electric field. 
With reasonably low ion or gas density outside the sheath 
region the ion will make a normal magnetron orbit and re 
enter the sheath, i.e., the ion will traverse an orbit similar 
to the electron orbits found in a magnetron. The time 
(t) spent in the sheath in the initial transit, after ioniza 
tion, is given by the relation 

MS 112 t=(2E 
where M is the ion mass, S is the distance from the point 
of ionization to the outer boundary of the sheath, e is 
the electronic charge, and E is the electric field. Under 
the assumed operating conditions of the device previously 
identified in the example, this time is very nearly 3x10-9 
Seconds. Thus, with a very high probability, an ion 
made in the sheath will leave as a D+ ion. This ion 
will then make what may be termed a normal magnetron 
orbit and re-enter the sheath thereupon to be reflected 
again from the sheath. The time spent by the orbiting 
ion in substantially field free space can be closely approxi 
mated by using the cyclotron orbit period which is energy 
independent. This orbital time is given by the relation 

,--2r. orbit f, eB 

fe being cyclotron frequency, which for D+ in a ten kilo 
gauss magentic field is torbit=2.6X 10-7 seconds. At the 
end of the first orbit, the D+ ion re-enters the sheath 
and requires two sheath transit times to be slowed to 
Zero Velocity and reflected back into a new orbit. This 
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requires a time in the sheath of the order of 6x10–9 
seconds. The ratio of time spent in the sheath to that 
spent in traversing the orbit exteriorly thereof is 

aheath m- 6X 10-0 
T2.6X 10-7 

which is equal to 2.3 x 102. Neglecting possible inter 
actions with the plasma surrounding the center rod it 
may then be stated that a molecular ion created in the 
sheath spends about 2% of its time inside the sheath. 
The sheath electrons will bombard the molecular ion and 
it will be ionized further from D to D+ during one of 
the sheath reflections, provided it has not otherwise been 
lost from the system. Since the ionization cross section 
for ionization from Det to D by electron bombardment 
is not known, it is only possible to write that the time 
for further ionization is 

---Y heath -- ... 2 
it is 7-X torbit -10s, VX2.3X O 

The symbols tu and aii refer to the time and cross section 
for the process of Dai-> Dt in the sheath and V refers 
to velocity of an electron relative to that of the molecu 
lar deuterons. 
Making the assumption that the quantity a V is one 

third of the cross section for D > D+, the complete 
ionization rate R=103x2x 10-8X2.3 x 10-2=4.6x103, 
or in other words the mean life of the original Dat, prior 
to becoming a D+ ion, is of the order of 2x104 seconds. 
If a substantial plasma density exists outside of the elec 
tron sheath, ionization to D+--D or to 2D + will probably 
occur before the second ionization in the sheath. It is 
of interest to note, however, that for a containment time 
longer than 200 microseconds, the process outlined above 
will reduce the molecular ions to Dt without other aid. 
It is also of interest to compare the rate for this process 
with the rates for such processes as charge exchange and 
electron ionization in the region outside the sheath. 

Consideration of the foregoing is possible following 
certain assumptions, and for convenience it is herein as 
sumed that the neutral density of deuterium existing in 
the outer region of the plasma is 3x1013 molecules per 
cubic centimeter and further that the average energy of 
the Dhion emitted from the sheath is 5 kev., correspond 
ing to one-half of the sheath voltage drop. The charge 
exchange cross section acE is well known for this energy 
to be 7x1016 cm.. The macroscopic charge. exchange 
cross section is then 2.1X10 per cm. and the mean life 
of a five kilovolt Dion is given by the relation: 

1. 1. 
toENV-2.1 x 10-2x5x107 

where N is the neutral density of deuterium, V is the 
average energy of the Dations, and all other symbols have 
their normal meaning. From the foregoing and as long 
as there is a substantial neutral density, it will be seen 
that this process dominates the reionization process. 

Each change exchange, however, leaves behind a rela 
tively slow ion, so that the ion density around the central 
electrode will build up initially at the expense of a neutral 
density. If the current of fast Dations into the surround 
ing space exceeds the rate of inflow of neutral gas, and 
the rate of loss of slow ions, this process will result in a 
very substantial degree of ionization being obtained. 

It is also possible to estimate the rate at which energy 
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would be delivered to the plasma in the outer region, once 
a substantial degree of ionization is obtained, simply by 
noting that the average deuteron injection energy will be 
of the order of the sheath voltage drop apnd the current 
will be equal to the rate of gas flow into the sheath. 
Under the presently assumed operating conditions, these 
quantities are typically 10 kev. and 10 deuteron mole 
cules per second, giving a plasma power input of 0.18 
ampere at 10 kilovolts, or in other words, about 2 kilo 
watts. If 0.5x Vis taken as the effective deuteron energy 

6 
in electron volts, the power input is seen to be approxi 
mately 1 kilowatt. 
The thermalization times are also of interest in the 

complete consideration of the heating mechanism, and in 
this relationship reference is made to Equations 49 and 
50 set forth in an article by Dr. Richard Post appearing 
in the Review of Modern Physics, 28, 338, July 1956, 
whereby this quantity may be calculated. Assuming a 
relatively well ionized plasma of 10 ev. temperature (T) 
and a density Ne of 3x1013 electrons per cc., the mean 
thermalization time (th) for fast moving particles may 
be stated as 

where T is measured in kilovolts. Applying this relation 
ship to the presently assumed conditions, this found to 
be equal to 3.7x105 seconds; however, here note that 
the fact that D+ ions are involved is ignored although the 
validity of this assumption is supported by the fact that 
at the assumed density and temperature a D+ ion will 
be ionized to a D+ ion very rapidly in the outer region. 
Comparing the foregoing effects it will be seen that at 

an ionization of 90% the charge exchange time and ther 
malization time are the same order so that thermalization 
will be nearly as important as charge exchange. 
As the density, temperature and degree of ionization 

rise, the thermalization will completely dominate the 
situation. For a plasma of density 5X 104 electrons per 
cubic centimeter, at a temperature of 100 ev., and assum 
ing complete ionization, the thermalization time may be 
calculated to be equal to 8x10 seconds. Again, it is 
seen that in the present device essentially all of the energy 
of the sheath accelerated deuterons is delivered to the 
plasma in a time comparable with a normal containment 
time of a few hundred microseconds. 
From the foregoing approximate calculations it will be 

seen that a substantial heating mechanism is provided by 
the present invention and furthermore that this heating 
mechanism is operable within reasonable containment 
times, so that it is thereby possible to produce in the pres 
ent invention an extremely high temperature plasma which 
is admirably suited for the production of extremely pure 
ion beams, large quantities of high energy neutrons, and 
possibly even the production of thermonuclear reactions 
wherein the average particle energy is sufficient to interact 
with surrounding particles with a consequent release of 
energy which may be in excess of the energy applied to 
the system. - 
As may be seen from the foregoing description and gen 

eral theoretical considerations, there is produced in the 
present invention a particularly effective ionization mecha 
nism together with a highly advantageous plasma heating 
mechanism. In addition to the foregoing, there is ob 
served in operation of the present invention a substantial 
containment time for the plasma generated. As previ 
ously noted, the device of this invention is adapted for 
operation as a direct current machine; however, it may 

this 

be readily operated with a pulsed voltage and suitable 
operation has been conducted with 10 kilovolt pulses of 
approximately, 1 second duration repeated approximately 
every 4 seconds. During pulsed operation as stated, the 
device operates to initially drastically reduce the chamber 
of pressure with a relatively large current flow between the 
liner and central electrode, with the current decaying 
rapidly to a relatively constant value. It is possible to 
establish that during normal plasma operation and follow 
ing plasma initiation there is a very large storage of ions 
within the device. 

70 

75 

Certain experimental data and theo 
retical considerations indicate that these ions are stored 
within the plasma discharge at a very high energy level; 
however, alternative approaches to the problem give 
some indication that the majority of storage occurs in the 
liner walls. At any rate there is produced within the 
plasma extremely large quantities of high energy neutrons 
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which can only be produced by nuclear interaction and 
whether the interaction results from the attainment of 
true thermonuclear conditions in the plasma or whether 
these interactions result from the collision of overly ener 
getic ions in the plasma, it yet remains that the device 
does produce copious quantities of high energy neutrons 
which are highly desirable for a multitude of applications 
known in the art. 
Of further interest in the illustrated embodiment of the 

present invention is the axial plasma containment attained 
herein. As previously discussed, the magnetic field 
through the plasma chamber is established by a central 
magnet coil together with end mirror coils, with provi 
sion being made for separate energization of these coils. 
It is thus possible and, in fact, desirable to energize the 
mirror coils of the invention to produce a more intense 
axial magnetic field through the plasma chamber at the 
ends thereof than is produced by the central magnet coil 
to the end of establishing a conventional magnetic mir 
ror containment envelope for limiting axial diffusion of 
the plasma from the region in which it is desired to con 
fine same. In addition to the foregoing, however, there 
is provided by the present invention a further axial con 
tainment means and in this respect reference is made to 
FIGURE 2 of the drawing. As may be seen from 
FIGURE 2, wherein the central electrode is eliminated 
for the purpose of clarity of illustration, it being under 
stood that the central electrode is still a component of the 
structure illustrated in FIG. 2, magnetic flux lines 61 ex 
tend generally axially through the plasma chamber 11 to 
the ends of the magnet assembly 6. Because of the end 
plates or rings i9 disposed immediately outside the mir 
ror coils 18 there is provided a magnetic field path of very 
good permeability directly adjacent the outer extremities 
of the magnet assembly. Consequently the magnetic lines 
of force within the plasma chamber are directed abruptly 
outward of the chamber into the end plates. By this 
structure the normal solenoid magnet field is modified and 
it will be seen from FIGURE 2 that in the vicinity of the 
end plates, or rings as they may be alternatively termed, 
the magnetic lines of force converge radially outward and 
an analogy may therefore be drawn between same and 
conventional magnetic mirror configurations. As is well 
known, converging magnetic field lines tend to repel 
charged particles traveling generally about such lines, as 
indicated at 62, and in this respect reference is made to 
the literature for a complete treatise of the mechanism. 
Suffice to say here that converging lines of magnetic force 
exert a retarding or repelling pressure upon charged par 
ticles traveling generally along such lines and there is 
produced by the end plates 19 what is herein termed a ring 
mirror. Thus the magnetic lines of force 61 curve radi 
ally outward of the plasma chamber into the end plates 
or rings in the manner illustrated in FIGURE 2 and it 
will be seen therefrom that these lines of force do, in fact, 
converge and do axially confine charged particles from 
traveling out of the ends of the plasma chamber. A fur 
ther consequence of the particular magnetic field con 
figuration herein produced is the varied relationship be 
tween the electric and magnetic fields at the center of the 
plasma chamber and ends thereof. Thus in the central 
region of the plasma chamber there is produced a per 
pendicular relationship between the electrostatic lines of 
force and the magnetic lines of force; however, at the 
chamber ends immediately adjacent the end plates 19 
the magnetic and electric fields are parallel. A com 
plete theoretical discussion of the results of this field rela 
tionship is not at this time possible; however, it has been 
found by experiment that a particularly advantageous 
plasma trapping action results therefrom. Of additional 
interest in respect to the particular magnet assembly herein 
employed is the fact that the concentration of magnetic 
field lines at the ends of the assembly, as accomplished by 
the end plates or rings, allows the utilization of a sub 
stantially weaker magnetic field to accomplish the same 
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magnetic field containment as is normally obtained with 
more conventional magnetic mirror fields. Although it 
is possible to utilize a variety of materials to produce the 
ring mirror herein disclosed, experiments show that fer 
romagnetic materials are particularly desirable in this 
respect and that full advantage of the ring configuration 
is only attained through the use of ferromagnetic mate 
rials for the ring. 

In addition to the uses for the present invention which 
have been discussed above, particular attention is also 
invited to the utility of this invention as an injector for a 
magnetic mirror machine of the Pyrotron type. Certain 
injection and operational difficulties in magnetic mirror 
machines may be overcome by the present invention for 
there is produced in this invention a very large quantity 
of fully ionized gas raised to a high temperature. By the 
utilization of such a high temperature ionized gas as is 
produced by this invention, it is possible to overcome the 
initial problem in magnetic mirror machines of adding 
sufficient energy to the particles for proper entrapment 
and containment of same therein. It is also possible by the 
injection of high energy charged particles from the present 
invention to materially reduce the total containment time 
necessary in a magnetic mirror machine for raising the 
average temperature of the plasma therein to that re 
quired for thermonuclear reactions. While the present 
invention is not primarily directed to this utility, it appears 
that with further development of thermonuclear devices, 
and in particular those employing magnetic mirror con 
figurations, the present invention may be found to be 
extremely useful and possibly even necessary to the prac 
tical operation of same. 

It was mentioned above that various alternatives are, of 
course, possible within the intended scope of the present 
invention. As regards certain variations, it is of interest 
to note that by reversing the polarity of the high potential 
voltage applied between the liner and central electrode, 
i.e., by maintaining the liner at a positive potential with 
respect to the central electrode, there is then generated an 
electron sheath immediately interior the liner. With this 
reversed polarity the electron sheath is closely spaced 
about the interior surface of the liner and consequently 
serves to protect the liner from undue bombardment by 
ions of the plasma. Also as to the possible variations 
in gas injection or feed to the chamber, it is to be noted 
that while certain advantages lie in the particular de 
scribed gas feed wherein the neutrals enter through the 
central electrode, quite suitable operation has been demon 
strated with gas fed into the chamber by means such as 
the piping 28, for ionization is carried out not only in the 
electron sheath but also in the general plasma region and 
electrons resulting from the ionization process naturally 
fall into the sheath. Particularly, advantage may lie in 
the direction of neutral particles into the chamber through 
the liner in the instance wherein this latter structural 
member is maintained at a positive potential with respect 
to the central electrode. Likewise, various advantages may 
be attained by the utilization of other than a rigid central 
electrode, i.e., by the utilization of an electron beam di 
rected axially of the chamber and providing thereby the 
negative electrode of the plasma discharge. 
While the present invention has been described with re 

spect to particular structural embodiments and in the 
light of defined structural limitations, it will be apparent 
that various alternatives are possible within the proper 
Scope of the present invention and no limitation is in 
tended by the foregoing but rather attention is directed 
to the following claims for a precise definition of the true 
scope of the present invention. 
What is claimed is: 
1. A plasma generator comprising means establishing 

a radial electric field about an axis through an evacuated 
region, means Supplying neutral particles to said region 
for ionization therein whereby a plasma is formed in said 
region, means establishing a magnetic field axially through 
said region for radially confining charged particles therein 
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and providing a rotating electron sheath about the axis 
of said region and further magnet means establishing 
axially spaced intensified magnetic fields for axially con 
fining plasma particles therebetween. 

2. A plasma device as claimed in claim 1 further de 
fined by said further magnet means comprising high mag 
netic permeability rings about said region in axially spaced 
relationship, 

3. A plasma device comprising an electrically conduct 
ing cylinder, an evacuated chamber, a central electrode 
disposed axially of said chamber in said cylinder, power 
Supply means impressing a high voltage between said 
cylinder and central electrode to establish a strong radial 
electric field in said chamber, gas supply means control 
ably introducing a gas to be ionized into said chamber 
whereby a plasma of ions and electrons is formed about 
said central electrode, and means establishing an axial 
magnetic field through said chamber of sufficient strength 
to deflect the traverse of charged particles in said plasma 
from impingement upon said cylinder and electrode and 
establish a high energy rotating electron sheath for ion 
ization of gas and energization of ions. 

4. A plasma device as claimed in claim 3 further de 
fined by said power supply means maintaining said cen 
tral electrode at a positive potential relative to said cylin 
der whereby said electron sheath closely surrounds said 
electrode, and said central electrode having openings 
therein and connected to said gas supply for directing gas 
flow directly into said sheath wherein substantially com 
plete gas ionization is produced. 

5. A plasma device comprising means establishing a 
radial electric field about an axis in a continuously evacu 
ated chamber, means controllably introducing a flow of 
gas to be ionized into said chamber, means establishing a 
magnetic field axially through said chamber with a field 
strength sufficient to direct ionized gas into closed orbits 
about said axis, and means providing intensified magnetic 
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field regions displaced axially in said chamber for axially 
containing ionized gas in said chamber, said intensified 
magnetic field regions each having lines of force diverg 
ing radially outward from the axis of said chamber, and 
thereafter converging radially outward at an annulus dis 
posed concentrically thereabout. 

6. Means for producing a high energy plasma compris 
ing a cylindrical liner of electrically conducting material, 
means for evacuating the interior of said liner to establish 
a low pressure region therein, a central electrode disposed 
concentrically within said liner, power supply means in 
pressing a high voltage between said liner and electrode, 
a central magnet coil concentrically disposed about the 
mid length region of said liner, mirror coils disposed 
axially outwardly from the ends of said central coil and 
concentrically about said liner, a pair of high permeabil 
ity annular discs extending radially outward from said 
liner at the outer ends of said mirror coils, a high perme 
ability cylindrical shell concentrically disposed about said 
coils and secured at its ends to said discs, and means con 
nected to said coils to supply current thereto with the 
current supplied to said mirror coils being of greater mag 
nitude than that supplied to said central coil. 
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